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A PRELIMINARY REPORT ON THE WATER SUPPLY OF 
^ MEMPHIS, TENNESSEE

By F. G. WELLS

ABSTEACT

Memphis is located in the part of the Gulf Coastal Plain known as the Missis 
sippi embayment. It is underlain by unconsolidated sand and clay formations 
of Tertiary and Cretaceous age. The Wilcox group, of Tertiary age, and the 
Bipley formation, of Cretaceous age, are excellent aquifers, and all the water 
consumed in Memphis is derived from them. The maximum pumpage from the 
Wilcox group was reached about 1920; in that year an estimated average of 
37,575,000 gallons a day was pumped. In 1928 the average daily pumpage from 
the Wilcox group was about 33,984,000 gallons, and in addition to this the 
Memphis Artesian Water Department pumped an average of 4,616,000 gallons 
a day from the Eipley formation.

The static level at Memphis, varies with the pumpage and the stage of the 
Mississippi River. The original static level was about 235 feet above mean sea 
level. In 1928 the average static level at the Auction Avenue plant was 202 
feet above mean sea level, which was about 33 feet lower than the original level. 
The yield is therefore about a million gallons a day for each foot of drawdown. 
The drawdown is not excessive, and additional pumpage can be developed without 
undue lowering of head.

The water from both the Wilcox group and the Ripley formation is fairly soft 
and has a moderately low content of dissolved mineral matter. The iron content 
is sufficiently high to be objectionable, but the iron is easily removed by aeration 
followed by either settling or nitration for removal of sediment.

INTRODUCTION

On June 1, 1928, field work was started for a report on the grbund- 
water resources of western Tennessee, one of a series to be prepared 
by the United States Geological Survey and the Tennessee Geological 
Survey that will treat in a comprehensive way of the water supplies 
of Tennessee available from wells and springs for muncipal, industrial, 
and other uses. During the summer and fall of 1928 the field! work 
was completed in 10 counties in the southwestern part of the fetate, 
including Shelby County, in which Memphis is situated. It was 
realized from the beginning that the ground-water conditions at 
Memphis constituted a very important part of the investigation, and 
two months was given to the accumulation of data in this city.

Through the cooperation of the Memphis Artesian Water 
ment it was possible to install automatic water-stajge recorders over 
two representative observation wells, one on Auction Avenge and on©

1
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on Central Avenue, and thus to obtain for these wells continuous 
records of the depth to the water level, which show with much pre 
cision the relation between the withdrawal of the artesian water and 
the subterranean inflow of new supplies to recharge the artesian 
reservoir. It becomes continuously more apparent that any adequate 
quantitative study of the ground-water supply in an area must be 
based on data accumulated over a considerable period of time, and 
that the longer the record the more accurate are the resulting con 
clusions. Any deduction as to quantity of water made from measure 
ments taken during a brief period are likely to be premature and may 
lead to erroneous conclusions. For this reason it is planned to con 
tinue observations at Memphis for a period of years. The present 
preliminary report gives the data that have been thus far ob 
tained and such generalizations as can safely be made at this stage 
of the investigation. A comprehensive report on the ground- 
water resources of all of western Tennessee is now being prepared 
for publication.

HISTORY OF ARTESIAN-WATER DEVELOPMENT IN
MEMPHIS

The early history of the development of the municipal water sup 
ply in Memphis is given by Lundie 1 as follows:

Prior to 1870 Memphis relied wholly for its water supply on cisterns and shallow 
wells.

In 1867-68 an investigation as to a general system of water supply was made 
by Charles Hermany, C. E., a report on which was presented to the board of 
commissioners of the city July 15, 1868. In this report Mr. Hermany recom 
mended that a supply be taken from Wolf River near its mouth. This led to 
the formation of the Memphis Water Co., which in 1870 secured a charter from 
the State legislature to supply water to the city. The company erected a pump 
ing plant on the south bank of the Wolf River about 2 miles from the center of 
the city, and laid 17 miles of pipe through which the city was supplied with water 
pumped from the river. The enterprise was a financial failure, and the plant 
was sold under foreclosure proceedings in the United States circuit court in 
December, 1879, to the reorganized Memphis Water Co. for $200,000, the com 
pany's statement of cost being $472,278.

The yellow-fever scourge in 1878-79 aroused the citizens of Memphis to a 
thorough sense of the crying demand for improved sanitary conditions, which 
resulted in the adoption of a sewerage system, the first sections of which were 
built in 1879-80, under the direction of George E. Waring, jr., C. E. These 
sewers called for an extension of the water pipes to supply the flushing tanks 
which are an integral part of the system.

The Memphis Water Co. in May, 1882, concluded a contract with the taxing 
district of Shelby County (now the city of Memphis) for public water supply  
the contract to remain in force for a period of 20 years from May 1, 1882. Rapid 
extension of the piping system followed this contract.

In 1885 a citizens' movement was instituted with a view toward securing a 
better water supply, the principal objection to the supply urged at that time

1 Lundie, John, Keport on the waterworks system of Memphis, Tenn., pp. 4-6,1898.
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being its turbidity. A committee was appointed by the legislative council of 
the taxing district to investigate and report on the question. Gen. Colton 
Greene made a preliminary report to this committee in February, 1866, and in 
December, 1866, the committee presented its report to the council.

The committee considered three principal sources of supply which seemed 
available, viz, the Mississippi River, South Horn. Lake, and Wolf River at a 
point near the Louisville & Nashville railroad crossing about 8 miles east of the 
city. All projects involved methods of filtration.

Prospective supply from wells had been brought to the attention of the com 
mittee, but evidence at that time seemed to cast doubt on the practicability of 
such a system of water supply for city purposes, after the failure of several 
experimental wells was reported, which had been sunk at the instance of the 
Memphis Water Co. * * *

While the report of this committee was in preparation, the late Mr. R-, C. 
Graves, then superintendent of the Bohlen-Huse Ice Co., had a well sunk on 
the company's property on Court Street near the bayou, primarily for the object 
of obtaining water for condensing purposes, to a depth of 354 feet. After having 
passed through a stratum of clay 150 feet thick, water-bearing sand the source 
of the present supply was reached, and a flowing well was the result, the water 
from which rose several feet above the surface of the ground.

A company was organized for the purpose of supplying the city with water 
from this source, which, after some further experimentation, entered into a con 
tract with the taxing district on July 30, 1887, under the name of the Artesian 
Water Co., covering terms of public and private supply, and anticipating a 
consolidation of the interests of this company with those of the Memphis Water 
Co., then under contract for public supply.

Both water companies then proceeded to sink wells, but consolidation of their 
interests was consummated in April, 1889, shortly after which the Wolf River 
Plant was abandoned and distnantled, a temporary station having been erected 
near the present station (the Auction Avenue station), connecting with such 
wells as were then operative.

Forty-two wells were drilled during 1888 and 1889, and the Auction 
Avenue pumping station was put into operation in 1890. The 
Auction Avenue plant consisted of a tunnel 5 feet in diameter and 
smaller branching tunnels situated 75 to 80 feet below the surface. 
The wells discharged directly into these tunnels, and the water flowed 
by gravity to a central suction well at the pumping station, which is
locally called the "wet well." Three Worthingt >n vertical compound
condensing high-duty pumping engines pumped the water from the 
central well and delivered it under pressure directly to the service 
mains. i

In 1903 the interest ofj the Memphis Water Go. was purchased by 
the city, the Memphis Artesian Water Deparnment was organized, 
and a Board of Water Commissioners was form ad for its supervision.

New wells were drilled from time to time as old wells failed and as 
additional supplies of water were required, but no change was made 
in the system until 1907. By this time the .Auction Avenue plant 
had become inadequate, and during 1907 and 1908 a new pumping 
station was built at Central Avenue. The Central Avenue plant
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consisted of six wells pumped by compressed air and had a capacity 
of about 5,000,000 gallons in 24 hours.

Prior to 1907 the Artesian Water Department had done some ex 
perimenting with segregated pumps. By 1910 the feasibility of 
these pumps had been demonstrated and several installations were 
made at different points about the city. Ultimately 14 such in 
stallations were available for use. They served to handle peak
loads and heavy local drafts.

the system was liable
Realizing that the existing plant was becoming inadequate and that

to pollution by seepage of sewage into the
tunnels, the water commissioners contracted with Chester & Fleming, 
hydraulic engineers, in ^919, to make a thorough study of the water- 
supply system and to Submit recommendations for future develop 
ment. Chester & Fleming submitted their report in April, 1920. A 
further study was made by Fuller & McClintock, hydraulic engineers, 
who submitted a report to the commissioners in March, 1922. This 
report considered the various methods of developing a larger water 
supply and recommended a new plant that would obtain water from 
wells pumped by compressed air. The recommendations were ap 
proved by the water commissioners, and Fuller & McClintock under 
took the construction of the new plant, which was put into operation 
in 1925.

The present supply isi obtained from 23 wells 375 to 550 feet deep 
and 9 wells about 1,400 feet deep. The wells 375 to 550 feet deep are 
located at intervals of 5()0 feet along or near North Parkway and are 
numbered C-l to C-24 (see pi. 1); the 1,400-foot wells are at the same 
well houses as wells C-l, C-2, C-3, C-4, C-5, 0-21, C-22, C-23, and 
C-24. The wells are pumped by compressed air at a pressure of about 
80 pounds to the square inch, which is delivered to the well houses by 
means of a duplicate system of pipe lines. The water flows by gravity 
through a duplicate system of mains to the pumping station at North 
Parkway and Dunlap $treet, where it is aerated and filtered and 
pumped directly into the delivery mains.2

The first deep well in Memphis was drilled for the Bohlen-Huse 
Ice Co., in 1886, but no interest was aroused in the artesian-water 
supply until another well drilled for the same company in 1887 on 
Court Street proved to be a flowing-well. Immediately wells were 
drilled for other industrial plants in Memphis, and Safford 8 reported 
57 wells exceeding 185 feet in depth in the city in May, 1889. Of 
these wells, 32 were city wells and 25 private wells.

Although no records exist of the number of wells drilled or the 
quantity of water pumped by private concerns during subsequent 
years, information gathered from old drillers in the region indicates

* For a detailed description of the city water system see Municipal Engineering, vol. 64, pp. 47-51,1923.
* Safford, J. M., The water supply of Memphis: Tennessee State Board of Health Bull., vol. 5, p. 102,1890.
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that practically every plant requiring a supply of water of more than 
10,000 gallons a day was equipped with its own well. Chester & 
Fleming, in their report made in 1920, list 58 private plants having 
wells with large yields. The writer, in 1928, listed 86 private plants 
with wells. The location of these wells is shown on Plate 1, and data 
in regard to them ate given in the accompanying table. From the 
drilling of the first well in Memphis to the present time pumpage from 
private wells has equaled or exceeded the pumpage of the Memphis 
Artesian Water Department.

Records of weUs of the Memphis Artesian TFoter Department 
[Measurements of depth to water were made on Mar. 15,1929]

No.

O-l  ... ... ..
0-2      
0-3..  ......
O-4.....  ...
O-5 ______
0-6 - ..-
0-7.    
0-8...........
0-9.    
O-10     
O-ll      
C-12   __
C-13
C-14      .
C-15      
C-16... _ . ...
0-17   ......
C-18    ...
C-19      _
C-20- __ ....
C-21... .......
C-22  .... ...
C-23   _ ..
C-24... __ ..
C-25     
O-26  ... ... .
C-27    ....
C-28
C-29. .........
O-80-   ....
C-31      .
0-32     
C-33      

Altitude 
above 
mean 
sea 

level 
(feet)

359.4

356.8 
356.0 
356.5 
356.6 
357.1 
356.6 
358.3 
358.7 
358.4 
358.1

360.5 
363.9 
355.7 
350.6 
857.5 
358.6

Depth 
of well 
(feet)

425 
453 
409 
519 

1,400 
504 
522

544 
495 
525 
518 
510 
479 
495 
527 
522 
527 
871 
871 
345 
357 
393 
369 

2,656 
1,400 
1,400 
1,400 
1,400 
1,400 
1,400 
1,400 
1,400

Diameter of 
well (inches)

Top

12 
12 
12 
12 
10 
12 
12

12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
10 
10 
10 
10 
10 
10 
10 
10 
10

Bot 
tom

10 
10 
10 
10 
8 

10 
10

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
8 
8 
8 
8 
8 
8 
8 
8 
8

Geologic horizon

.... .do     ......... .....

... ..do..      ...... ....

... ..do.... ........ ...........
..... do.    .       
   do..           
..... do     .........   ..
... ..do..  ............   ..
  . do     ........ ..... .
.....do...      ........ ...
   do  .          

.....do   ....... ... .... ....
   do......     ...........
..... do.           
  .do..           

. do..   _________
   do   ......   .    .
... ..do........ ...............
..... do             

..... do   _-,      .....
   do..     ....... .....

.....do........... ......... ...
  ..do  ... ... ......... ....
... .. do..... ..... ....... ......

Depth 
to water 

(feet)

23.6

22.3 
24.9 
16.6 
11.4 
8.3 
9.2 
8.3 
6.4

Yield with 
airlift 

(gallons 
a day)

1,440,000 
1,440,000 
1,440,000 
1,440,000

1,440,000 
1,440,000

1,440,000 
1,440,000 
1,440,000 
1,440,000 
1,440,000 
1,440,000 
1,440,000 
1,440,000 
1,440,000 
1,440,000 
1,440,000 
1,440,000 
1,440,000 
1,440,000 
1,440,090 
1,440,000
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si
Date of measure

ment (1928) »

Capacity of pump 
(gallons a minute)

Drawdown (feet)
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GEOLOGY

GENERAL CONDITIONS

Memphis is situated in what is known geologically as the Mississippi 
embayment of the Gulf Coastal Plain. This area is underlain by a 
series of beds of unconsolidated or slightly consolidated gravel, sand, 
and clay deposited in a broad, shallow syncline, or trough, which 
pitches gently to the south. The upper end of the trough is in south 
ern Illinois, and its axis lies a few miles west of the Mississippi River; 
the beds dip toward the axis from both sides. The eastern edge of 
the syncline almost coincides with the Tennessee River. The east 
flank has a westward dip of about 30 feet to the mile near its edge, 
but the dip decreases toward the west. The formations of gravel, 
sand, and clay range in age from Upper Cretaceous to Recent; they rest 
on a floor of Paleozoic limestone, shale, and chert. In Tennessee the 
unconsolidated sediments (Upper Cretaceous and younger formations) 
are believed to attain about their maximum thickness at Memphis, 
where they are from 2,700 to 3,000 feet thick. These deposits, named 
in order from oldest to youngest, are the Tuscaloosa, Eutaw, Selma, 
and Ripley formations, of Upper Cretaceous age; the Clayton, Porters 
Creek, Ackerman, Holly Springs, Grenada, and Jackson formations, 
of Eocene age; Pliocene sand and gravel; and loess and alluvium 
of Quaternary age. These formations come to the surface east of 
Memphis. Starting just east of the Tennessee River, in Hardin 
County, and traveling to Memphis one traverses in succession the 
outcrops of the different formations, beginning with the oldest, the 
Tuscaloosa, and ending with the loess, which is the surface formation 
at Memphis. This is clearly shown in the map and section by Glenn.4

A section at Memphis, as determined from well C-25 of the Mem 
phis Artesian Water Department, which was drilled to a depth of 
2,656 feet, is shown in Figure 1.

The more important publications treating of the geology of western 
Tennessee are listed below.

Glenn, L. C., Underground waters of Tennessee and Kentucky west of Ten 
nessee Biver and of an adjacent area in Illinois: U. S. Geol. Survey Water-Supply 
Paper 164, 1906.

Wade, Brace, The geology of Perry County: Tennessee GeoL Survey, Resources of 
Tennessee, vol. 4, pp. 160-151, 1914.

Stephenson, L. W., Geology and ground waters of northeastern Arkansas: 
U. S. GeoL Survey Water-Supply Paper 309, 1916.

Wade, Brace, The gravels of west Tennessee Valley: Tennessee Geol. Survey, 
Resources of Tennessee, vol. 7, pp. 55-89, 1917. .

Berry, E. W., Upper Cretaceous floras of the eastern Gulf region in Tennessee, 
Mississippi, Alabama, and Georgia: U. S. Geol. Survey Prof. Paper 112, 1919.

* Glenn, L. C., Underground waters of Tennessee and Kentucky west of Tennessee Biver and of an 
adjacent area in Illinois: U. 8. Geol. Survey Water-Supply Paper 164, pi. l and Fig. 7,1906.
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, Roberts, J. K., The Tertiary of west Tennessee: Am. Jour. Sci., 5th set., vol. 
12, pp. 235-243, 1926.

Stephenson, L. W., Logan, W. N., and Waring, G. E., The ground-water resources 
of Mississippi: U. S. Geol. Survey Water-Supply Paper 576, 1928.

Roberts, J. K., The Tertiary geology and stratigraphy of west Tennessee 
(manuscript to be published by Tennessee Geol. Survey).

TUSCALOOSA FORMATION

The Ttiscaloosa formation as found in scattered remnants just 
east of the Tennessee River consists of sandy gravel, but in Alabama 
it is variable in character, consisting of gravel, sand, and clay. Berry 6 
shows that the Tuscaloosa formation is a delta deposit and postulates 
its thinning out or change to massive sediments toward the southwest. 
The character of the Tuscaloosa at Memphis is not known, as no well 
there has penetrated the formation, with the possible exception of 
well C-25, put down by the Memphis Artesian Water Department 
to a depth of 2,656 feet, the available log of which is not sufficiently 
detailed to make a positive correlation. To judge from the character 
of this formation in Alabama, where the conditions of sedimentation 
were probably more nearly like those at Memphis than those where the 
Tennessee River outcrops occur, the formation at Memphis is not 
a gravel deposit but rather a sand or clay. It would probably be 
encountered, at a depth of 2,700 to 3,000 feet.

Though there is no definite information concerning the chemical 
character of the water from the Tuscaloosa formation at Memphis, 
owing to the fact that no well penetrates the formation, it seems proba 
ble that the water would have a high mineral content. The water 
from the overlying Eutaw formation contains over 1,500 parts per 
million of solid matter. In Mississippi analyses of water from the 
Tuscaloosa formation show increasing mineral content with increas 
ing depth, though it should be noted that the overlying Eutaw for 
mation is more saline than the underlying Tuscaloosa formation.6 
Without giving a discussion of all the factors in the problem, it seems 
probable that the fresh water in the Tuscaloosa formation, which, 
according to the principle of Badon Ghyben and Herzberg,7 is in 
balance with a shorter column of salt water of equal weight, would 
not reach to a depth of 2,600 feet.

EUTAW FORMATION

The outcrop area of the Eutaw formation is 85 to 90 miles east of 
Memphis. Where the Eutaw occurs at the surface it is dominantly

* Berry, E. W., Upper Cretaceous floras of the eastern Gulf region in Tennessee, Mississippi, Alabama, 
and Georgia: U. S. Geol. Survey Prof. Paper 112, pp. 26-30,1919.

6 Stephenson, L. W., Logan, W. N., and Waring, G. A, The ground-water resources of Mississippi: 
U. S. Geol. Survey Water-Supply Paper 576, pp. 341-344,364-565,1928.

7 Brown, J. S., A study of coastal ground water, -with special reference to Connecticut: U. S. Geol. Survey 
Water-Supply Paper $37, pp. 16-17, fig, 2,1925,
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sand, although, clay is always found with the sand. The most usual 
condition is a series of rapidly alternating layers of sand and clay, 
the sand occuring in layers from a quarter of an inch to 6 inches in 
thickness, interlaminated with sheets of white, gray, or black clay 
one-sixteenth to half an inch thick. Some of the sand is glauconitic. 
In some places large lenses of fissile carbonaceous clay are inter 
calated in the sand. The Eutaw formation has a maximum thicknless 
in its outcrop area of 250 feet. It is probably much thicker at Memphis, 
but this can not be positively stated. At Memphis the static head 
of water in the Eutaw formation, as determined in the 2,656-foot 
well of the Memphis Artesian Water Department, the log of which 
is shown in Figure 1, is 360 feet above mean sea level. As much, of 
Memphis is below an altitude of 360 feet, water from this formation 
will overflow at the surface in many places. Water from the Eutaw 
formation generally contains a large quantity of dissolved mineral 
matter. At Memphis it contains considerable sodium chloride and is 
not suitable for domestic or industrial use.

SELMA FORMATION

The Selma formation of this region is a sandy or calcareous clay 
of a slate-blue color. It contains many fossils, some of which are 
large and conspicuous, such as Inoceramus and Exogyra. This forma 
tion is 300 feet thick near its outcrop to the east, but it is probably 
thicker at Memphis. The depth to the Selma formation at Memphis 
is not known definitely but is at least 1,800 feet. The Selma is not 
a water-bearing formation.

RIPLEY FORMATION

The Bipley formation in southern Tennessee has been divided into 
three lithologic units the Coon Creek tongue, the McNairy $and 
member, and the Owl Creek tongue.

The Coon Creek tongue consists of sandy marl overlain by a series 
of stratified micaceous clays about 100 feet thick. The Owl Creek 
tongue is a series of micaceous sands and marls about 50 feet thick. 
The McNairy sand member as seen in outcrop consists of several hun 
dred feet of medium to fine cross-bedded sands of various colors, in 
cluding red, white, brown, yellow, and purple. Intercalated with the 
sands are lenses of clay, which at Memphis probably have considerable 
horizontal extent and may even be continuous beds. The Coon Creek 
and Owl Creek tongues are marine phases of the Ripley formation, 
and at Memphis, which was in the deep part of the embayment, marine 
conditions may have existed longer than they existed at the locality 
of the present outcrop of the Ripley formation. This would cause 
the Coon Creek and Owl Creek deposits to thicken, and the McNairy 
sand member to thin toward Me&iphis, ;
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Neither the Coon Creek tongue nor the Owl Creek tongue is a good 
aquifer. The McNairy sand member includes one bed of good water 
bearing sand 100 feet thick, which is known to underlie at least a part 
of Memphis and furnish a part of the public water supply.

The Ripley formation is 600 feet thick near its outcrop in western 
Tennessee but may be somewhat thicker at Memphis. At Memphis 
the top of the formation, as determined in wells C-5, C-25, C-26, 
C-27, C-28, C-29, C-30, C-31, C-32, and C-33 of the Memphis 
Artesian Water Department, is at a depth of about 1,325 feet, or 1,085 
feet below mean sea level. The static head of water in the Ripley is 
about 240 feet with reference to mean sea level.

At present the Ripley formation is being drawn upon only by the 
Memphis Artesian Water Department, pumping from wells C-5, 
C-26, C-27, C-28, C-29, C-30, C-31, C-32, and C-33. These wells, 
which are spaced 500 feet apart, have an average yield of about 800 
gallons a minute each and are pumped continuously during the peak 
period of summer demand in order to lessen the amount of water 
pumped from the sand between 375 and 550 feet. During the remain 
der of the year these wells are pumped intermittently. The average 
daily pumpage from this Ripley sand is shown in Figure 2. From a 
small initial draft during the last months of 1925 the amount pumped 
has increased until it attained an average of 4,600,000 gallons a day 
in 1928.

MIDWAY GROUP

The Clayton, the basal formation of the Midway group, crops out 
over a very small area in Tennessee. In the southern part of the State it 
is a poorly consolidated limestone, but toward the north it changes to a 
glauconitic sand. The nature of the deposit at Memphis is not known.

The Porters Creek is a homogeneous dove-gray to black plastic 
clay that crops out about 70 miles east of Memphis, but at Memphis 
it is found 975 to 1,350 feet below the surface, or 750 to 1,085 feet 
below mean sea level." It is impervious to water and forms an effec 
tive confining bed for water in lower formations.

WILCOX GROUP

The Wilcox group of formations includes, from older to younger, 
the Ackerman formation, the Holly Springs sand, and the Grenada 
formation. All the wells in Memphis except the 1,400-foot wells of 
the Memphis Artesian Water Department obtain water from either 
the Grenada or the Holly Springs formation, but it is impossible to 
determine in which of these formations any well ends, because the basis 
of differentiation is fossil leaves, and these leaves are never present in 
well drillings.

The Ackerman formation does not crop out in Tennessee, its most 
northerly exposure occurring in the northwestern part of Tippah
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County, Miss. The contact of the Ackerman formation with tjie 
Holly Springs sand probably swings to the northwest and is buried 
under younger deposits.* If this is so the Ackerman formation would 
be found in depth at Memphis. The formation consists of stratified 
gray clay that is more or less lignitic. Many of the clay layers are 
sandy, and some sand beds are interstratified with the clay. The 
Ackerman formation will yield little if any water.

The Holly Springs formation is predominantly sand; it is strongly 
cross-bedded and includes material of all sizes from small gravel to 
the finest of sand, which is in many places mixed with clay. Lenses 
of clay covering an area of 1 to 8 acres and attaining a thickness as 
great as 200 feet are found intercalated in the sand in areas where the 
formation crops out, and similar or larger lenses are undoubtedly 
present at Memphis. The Holly Springs sand has a maximum thick 
ness of at least 550 feet. The top of the formation is encountered at 
about 450 feet below the surface, or about 235 feet below mean sea 
level, and the formation continues to a depth of 1,000 feet, or 785 feet 
below mean sea level. It is,, a productive water-bearing formation]

The Grenada formation overlies the Holly Springs sand and is very 
much like it, but on the whole the sands are finer. The Grenada 
attains a maximum, thickness of 400 feet, and yields large supplies of 
good water. It extends from about 75 to 450 feet below the surface, 
or from about 175 feet above to 220 feet below mean sea level. At 
Memphis several large lenses of blue clay occur near the .top of the 
Grenada formation and serve to form an impermeable layer above £he 
water-bearing sands.

JACKSON FORMATION

The Jackson formation, which overlies the Grenada, consists] of 
fine sand, clay, and lignite. It contains little water.

PLIOCENE GRAVEL

In the vicinity of Memphis the Pliocene deposits consist of coarse 
sand and gravel. The gravel ranges from pebbles just coarser than 
grains of sand to cobbles over 5}£ inches in diameter, but the common 
sizes range from a quarter of an inch to 1 inch. The distribution of 
the Pliocene gravel is very irregular; in some places the gravel is 
missing, but in others it attains a maximum thickness of 50 feet. The 
thick parts of the gravel occur in sinuous bands. The irregulari|fcies 
of distribution may result from the way in which the gravel iwas 
deposited or from erosion subsequent to deposition. Where the 
Pliocene gravel exceeds 20 feet in thickness it is a good water-bearing 
formation, but water from it is subject to pollution from the surface 
drainage.
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LOESS

Overlying the Pliocene gravel and forming the general surface at 
Memphis is a deposit of loess, a fine-grained,* structureless deposit of 
a light-buff color. It is typically exposed in the bluffs along the river, 
where it has a thickness of 50 feet. The loess is not a source of water, 
and shallow wells in the vicinity of Memphis must go as deep as the 
Pliocene gravel to obtain a supply.

PUMPAGE

The total pumpage from all the wells in both the Wilcox group and 
the Ripley formation in 1928 was about 38,600,000 gallons a day. 
There is no private pumping from the Kipley formation.

The daily pumpage of the Memphis Artesian Water Department 
during 1928 showed a maximum of 26,458,000 gallons in 24 hours, a 
minimum of 13,429,000 gallons, and an average of 17,600,000 gallons. 
These figures include the pumpage from the 1,400-foot stratum of the 
Ripley formation, which in 1928 amounted to a maximum of 8,876,000 
gallons a day and an average of 4,616,000 gallons. The average 
daily pumpage during 1928 showed an increase of 2,708,000 gallons 
over the average for 1920. The population of Memphis in 1928, 
accordillg to the estimate of the United States Census Bureau, was 
190,200; the 1920 census gave a population of 162,351. As calculated 
from these figures the average daily per capita consumption of city 
water in 1928 was 92.5 gallons; in 1920, 91.7 gallons. This difference 
is negligible, the increase in total consumption being about propor 
tional to the growth of population.

The pumpage of the Water Department represents only a part of 
the pumpage from the Wilcox group of formations in Memphis. Soon 
after the drilling of the first deep well in Memphis many of the local 
industrial plants developed private water supplies from deep wells. 
Owing to the ease of obtaining a good well and the cheapness of 
operation, private plants, even those with small water consumption, 
found it most economical to have their own wells. Private wells 
were in favor also because of the fact that air-lift pumping reduced 
the iron and carbon dioxide content of the water considerably, and 
the water so pumped was therefore superior to city water from the 
Auction Avenue plant. For these reasons virtually all the industrial 
plants and large buildings had private supplies.

As there are no records of the amount of water pumped by indi 
vidual concerns in Memphis prior to 1920, it is impossible to determine 
whether this pumpage has steadily increased, whether it has reached 
a high point and remained constant, or whether it has reached a maxi 
mum and declined. The normal growth of the city would lead to an 
increase in the private pumpage, which might be assumed to parallel
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the increase in city pumpage. The following factors, however, woiild 
tend to decrease the private pumpage:

1. The quality of the water furnished by the city waterworks 
since 1925 has been greatly improved by effective treatment, so that 
it is now better than that from wells privately pumped by air lift.

2. The necessity of renewing wells and pumping machinery has 
induced many small water consumers to use city water. i

3. The need of having a city connection for fire protection involves 
a minimum fixed charge, and if the amount of water consumed is 
only slightly greater than that covered by the minimum charge it is 
not economical to have a private supply. 1

4. In many small steam-power plants one engineer had charge) 1 of 
both the plant and the pumping machinery. The substitution! of 
electric power in such plants has displaced the engineer, as it is ilot 
profitable to employ one simply to supervise the pumps. Centrifugal 
pumps could be operated by electric motors without much supervision, 
but owing to the iron content of the water they are not so satisfactory 
as air lifts.

5. Formerly Memphis manufactured large quantities of ice to* be 
shipped to outlying points, but the development of small, simple 
machines for producing ice has resulted in the establishment of local 
ice plants at these points, and the consumption of water in ice plants 
in Memphis has therefore decreased,

6. The use of spray ponds for cooling condenser water has dimin 
ished the amount of water so used. The quantity of water used for 
condensing by the Memphis Power & Light Co. (Memphis Electric 
Co. and Memphis Street Car Co.) has decreased about 10,000,000 gal 
lons per 24 hours since 1920.

It is impossible to evaluate these factors. Factors 2, 3, and 4 
represent small water supplies, and the total amount consumed was 
probably not large; the amount represented by factor 5 may be con 
siderable. The decrease due to the combined influence of factors 1 to 
5 probably did not compensate for the normal increase in consump 
tion due to increase of population but only served to lessen the total 
increase. Factor 6 represents a considerable decrease.

Chester & Fleming, in their report of 1920, list 58 private pl&nts 
of large consumption, with an aggregate average daily pumpagfr of 
21,740,000 gallons. The list of plants was not complete, and (the 
pumpage given is an estimate, which is, however, sufficiently accurate 
for the present purpose. I

The pumpage of private plants as here used is the estimated daily 
average for periods during which a plant was running continuously 
at full capacity. No correction has been made fcr days or weeks of 
shutdown or for periods when a plant was running at reduced capacity.
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Therefore, the average given is probably considerably in excess of 
a daily average determined by dividing the total pumpage throughout 
the year by 365. Inasmuch as the estimates of private pumpage are 
derived by various methods, they are not exact, but any attempt to 
arrive at an average daily pumpage that would be a true daily average 
of the pumpage throughout the year would be attempting a precision 
that the data do not justify. In 1928 the writer listed 86 private 
plants, with an aggregate average daily pumpage estimated at 
21,000,000 gallons. Although this list did not include every pumped 
well in greater Memphis it is believed to include every plant with a 
pumpage of 50,000 gallons or more in 24 hours. For many of the wells 
the pumpage is estimated. Of the wells listed in 1920 by Chester & 
Fleming, eight with a combined production of 290,000 gallons a day are 
no longer in operation. Of the wells listed in 1928, six, with a present 
combined production of 1,255,000 gallons a day, were in operation in 
1920, but were not listed by Chester & Fleming. A study of 37 plants 
listed both by Chester & Fleming and the author shows an increase in 
pumpage of 32 per cent since 1920. As these plants are distributed 
among the various industries the increase in pumpage from their wells 
can be considered representative of the general trend of private pump 
ing, other than the pumping which has been decreased for reasons pre 
viously given. On the assumption that there has been an increase of 
32 per cent since 1920, the total pumpage in 1920 of the six wells not 
listed by Chester & Fleming was 853,000 gallons a day. This increases 
the estimated total pumpage by private plants in 1920 to 22,593,000 
gallons a day.

The average daily pumpage of the city water supply from the 
Wilcox group of formations in 1920 was 14,982,000 gallons a day, 
which added to the private pumpage of 22,593,000 gallons made 
the total pumpage from the Wilcox group 37,575,000 gallons a day. 
In 1928 the city pumpage from the Wilcox group was 12,984,000 
gallons a day, and the pumpage from private wells is estimated at 
21,000,000 gallons a day, making a total of 33,984,000 gallons a day 
or 3,591,000 gallons less than in 1920.

The decrease in pumpage from the Wilcox group from 1920 to 
1928 is due to two causes the developing of wells in the sand of 
the Eipley formation by the Memphis Artesian Water Department, 
which began in 1925, and a cut of 10,000,000 gallons a day by the 
Memphis Power & Light Co. during the years 1920 to 1926. In 
1928 the Memphis Artesian Water Department was pumping an 
average of 4,616,000 gallons a day from the Ripley formation. 
The cut made by the Memphis Power & light Co. was effected 
as follows: The introduction of a spray pond in 1921 cut off 5,000,000 
gallons a day; there was a gradual cut of 2,500,000 gallons a day 
in 1924; the shut-down of the Beach Street plant in January, 1926,
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resulted in an immediate cut of 1,500,000 gallons a day and a gradual 
cut of 1,000,000 gallons more. It is estimated that from 1920 to 
1928 the other plants in the city increased their consumption 32 
per cent, and in addition about 5,000,000 gallons a day was required 
by new plants. These increases nearly compensate for the cut of 
the Memphis Power & Light Co.
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The total daily average pumpage from the Wilcox group and the 
average daily pumpage of the Memphis Artesian Water Department 
from the Wilcox group and from the Ripley formation are shown 
in Figure 2. As the Memphis Artesian Water Department obtained 
all of its water from the Wilcox group prior to 1925, the curve in 
Figure 2 for its total pumpage and the curve for its pumpage from 
the Wilcox group coincide for the period 1897 to 1925. In 1925 
a small amount of water was pumped from the Ripley formation
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by the Memphis Artesian Water Department, and in succeeding 
years this pumpage has increased. In the curve indicating the 
total average daily pumpage from the Wilcox group in the city 
of Memphis from 1920 to 1928 only two points are definitely known  
1920 and 1928; the intermediate points were determined by deduct 
ing the known cuts in pumpage and distributing the normal increase 
and new pumpage over the eight years. This curve, therefore, is not 
accurate, but it shows the general trend of the fluctuations in the 
total pumpage. The total pumpage from the Wilcox group reached 
its maximum in 1920, and the pumpage of the Memphis Artesian 
Water Department from the Wilcox group was also at its maximum 
in 1920. This is due to two facts private pumpage, all of which 
is derived from the Wilcox group, was greater in 1920 than in 1928, 
and, whereas the total pumpage of the Memphis Artesian Water 
Department was greater in 1928 than in 1920, the amount pumped 
from the Wilcox group was less because an average of 4,616,000 
gallons a day was obtained from the Bipley formation. These 
two facts should be borne in mind in any studies of the influence 
of pumping in lowering the water level.

SEASONAL FLUCTUATIONS OF HEAD IN WELLS

A continuous record of the altitude of the water level in any well 
will show fluctuations resulting from many causes. In order to 
determine the nature and magnitude of the fluctuations of the pressure 
head at Memphis and to deduce their causes, two continuous water- 
level recorders were installed in October, 1928, one in the Auction 
Avenue "wet well," the other in the Central Avenue well. The level 
of the water in the Auction Avenue "wet well" represents the static 
level in about 100 wells, all of which flow into tunnels leading to the 
"wet well." These wells are scattered over a rectangular area 5,000 
by 3,000 feet, which is within 400 feet of the Wolf Kiver at the nearest 
point and near the center of all pumpage that derives water from the 
Wilcox group. A record of the altitude of the water leveLin the 
Auction Avenue "wet well," taken at 8.30 a. m., has been kept since 
April, 1927, and the continuous recorder has been operating in the well 
since October, 1928. The Central Avenue well is at Wills Park, on 
Central Avenue. It is 4 miles from the river and 2 miles from the 
nearest pumping-well of the Memphis Artesian Water Department and 
is in a section where there is but little private pumping. The record 
for this well is incomplete.

The data of water level in the Auction Avenue "wet well" and the 
Central Avenue well are shown graphically in Plate 2. Prior to 
October, 1928, the level given is the daily reading; after this date the 
level given is the lowest reading of the 24 hours, midnight to midnight, 
on the continuous recorders. For comparison, curves showing the
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daily pumpage of the Memphis Artesian Water Department from the 
Wilcox group, the daily altitude of the Mississippi River, and the rain 
fall are also given. The monthly averages of the altitude of the water 
level in the two wells, the pumpage, t^.e altitude of the Mississippi 
River, and the rainfall at Bolivar are given in Figure 3.

The pumpage of the Memphis Artesian Water Department from the 
Wilcox group is derived by subtracting from the total daily pumpage 
the pumpage from the Ripley formation. It is plotted in reverse 
sense a larger pumpage being lower on the sheet than a small 
pumpage in order to facilitate comparison with the water level.

It should be borne in mind that pumpage of the Memphis Artesian 
Water Department represents only 38 per cent of the total pumpage 
from the Wilcox group, the remainder being pumped by industrial 
plants. However, as the factors which necessitate an increase or 
decrease hi the pumpage of the Memphis Artesian Water Department 
have somewhat similar effects on the industrial pumping, the total 
pumpage from the Wilcox group roughly parallels the pumpage for 
the city waterworks with two exceptions. Industrial pumping is cut 
by at least 3,440,000 gallons on Sundays in laundries, sawmills, and 
such plants as completely stop, and it is possible that other plants run 
at lower capacity, so that the total Sunday cut of industrial pumping 
is probably in excess of 3,440,000 gallons. The total pumpage of the 
Memphis Artesian Water Department shows no such Sunday cut but 
increases or decreases according to the weather. It is possible for the 
city to meet changes in the demand by increasing or decreasing the 
amount taken from the Ripley formation. This is illustrated by the 
increased pumpage from the Wilcox group during February and 
March in 1928 and in 1929, which was due to cessation of pumping 
from the Ripley formation and does not indicate an increase in total 
pumpage. Any sudden peak in pumpage, such as that for January 16, 
1928, can be accounted for in this way. On -the contrary, changes in 
total pumpage may not show in the graph of the pumpage from the 
Wilcox group. As a rule, however, the ratio of the pumpage from 
the Ripley formation to the pumpage from the Wilcox group remains 
about the same, and it can be assumed that the graph of the pumpage 
from the Wilcox group represents in a general way the variations of 
the total pumpage in all Memphis.

The stages of the Mississippi River at Memphis given by the 
Mississippi River Commission have been used in plotting the altitude 
of the river.

In plotting the rainfall the records at Bolivar, Term., have been 
used. Bolivar lies almost due east of Memphis in the outcrop area 
of the Wilcox group. With the exception of local summe^ rains, 
precipitation usually occurs over the whole of the outcrop area of the 
Wilcox group during the same day, so that when it rains at Bolivar 
rainy weather can be assumed throughout the area.
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The water level in the Auction Avenue "wet well" attains its 
highest point early in the summer, either in May or in June. (See pi. 
2 and fig. 3.) It drops off rapidly during the summer, reaching the 
lowest point in September, after which it rises continuously during 
the fall and early winter. It may drop a little in February and 
March before rising to its spring high point. The maximum varia 
tion from May 1, 1927, to October 30, 1929, was 13.2 feet. The yearly 
variation was 8.3 feet May 1, 1927, to May 1, 1928; 7.6 feet May 1,
1928. to May 1, 1929; and 12.6 feet for the period May 1 to October 1,
1929. The average yearly variation for the 2%-year period is 9.5 
feet. Although the record of water level at the Central Avenue well 
is incomplete (see pi. 2), it parallels in a general way that of the 
Auction Avenue well, showing a high in May, after which it drops off 
rapidly to a low in September and October, and then rises rapidly in 
the fall and early winter; but unlike that of the Auction Avenue well 
it reaches its highest point in January.

Pumpage dmiinishes rapidly from September to December and 
remains small from January to April, the minimum occurring some 
time within this period. Pumpage rapidly increases again in May 
and June and reaches a maximum in August. Thus the time of great 
est pumpage and lowest water level in the Auction Avenue "wet 
well" coincide, but the period of least pumpage and highest water 
level do not, as can be clearly seen in Figure 3 by comparing the 
pumpage and water level November, 1928, to February, 1929, with 
May, 1929. An explanation of this can be found by comparing the 
water level in the Auction Avenue "wet well" with the altitude of 
the Mississippi Kiver. The river is at high stages from March until 
the end of June, the maximum usually occurring in April and May, 
although it may occur any time during these four months. The river 
falls rapidly in July and remains low until October, when it begins to 
rise. The curve indicating the river stage roughly parallels the water- 
level curve, and the maxima and minima are coincident. Further 
proof of the influence of the river on the water level is afforded by 
the record for March 15 to 22, 1929, given in Figure 4. The water 
level in the Auction Avenue "wet well" continued to rise as the 
river rose, although the pumpage increased. As there was no rain, 
the rise of nearly 2 feet in the water level in s£ite of the increased 
pumpage can only be attributed to the influence of the rise in the 
river level. This is shown also by the following table, which gives 
records for June and August, 1927, and June, 1928. Though the 
pumpage is nearly the same there is a difference of 4.2 feet in static 
level.
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Relation of pumpage and altitude of Mississippi River to water level at Auctionell"

Month

June, 1927. _ ..  .   .....   ...........................
August, 19ZJ.......... ............................................

Pumpage
(gallons a

day)

12,350,000
12,280,000
12, 270, 000

Water
level at
Auction
Avenue

well (feet
above sea

level)

204.5
200.3
303.8

Altitude of
Mississippi
Kiver (feet
above sea

level)

220.0
200.1
212.8

The lack of synchronism between the drawdown and pumpage 
might be attributed to the effect of lag. It has been observed in other 
artesian areas that the water levels in wells do not respond immedi-

Midnight

205

TIME IN HOURS 
2 3

170

FIGURE 5. Bate of rise of water level on shutting down pumps at the Auction Avenue station on 
October 25,1891, and March 6,1898. (After Lundie)

ately to the starting or stopping of pumpage in adjacent wells but 
that there is a time interval, or lag, before adjustment takes place. 
The curves given by Lundie 8 (see fig. 5) show that when pumpage 
was stopped at the Auction Avenue plant the recovery of the head was 
very rapid for example, in the first hour of shut down on October 
25, 1891, the head recovered 30 feet. Chester & Fleming state that 
the water leyel at the Central Avenue pumping station recovered to 
normal 35 minutes after the cessation of pumping. These facts 
would indicate that the static head responds very rapidly to changes 
in pumpage and that the failure of the water level to respond in the 
cases given £an not be explained on the basis of lag.

8 Lundie, John, op. cit. p. 19, 
°(-62  3
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Another factor which may influence the water level is the rainfall 
over the outcrop area of the Wilcox group. A large part of the yearly 
precipitation occurs from January to June, and the period from July 
to October is relatively dry. During the growing season most of the 
precipitation is taken up by the vegetation, and therefore very little of 
the rainfall reaches the zone of saturation. Hence the period of prin 
cipal recharge is from November until March, and it may be assumed 
that in the outcrop area the water level reaches its highest level in the 
early spring and its lowest in the late summer and early fall. These 
variations in water level at the outcrop represent variations of load on 
the confined portion of the water-bearing bed and should cause 
changes in the artesian head. Data are not available to prove this 
assumption, and the magnitude of the variations is such that it is 
possibly concealed by the more prominent factors.

It has been shown that the water level varies with pumpage, river 
level, and possibly rainfall. The records thus far obtained are so 
short that it is impossible to determine from them how much each 
factor contributes to the fluctuations of water level, but it is evident 
that the major factor is the pumping and that the other factors only 
modify its effect. In any consideration of drawdown or of specific 
yield these factors must be borne in mind.

ORIGINAL STATIC LEVEL

Glenn 9 gives the original static level at Memphis as 225 feet 
above mean sea level. Safford 10 was Glenn's authority, but Safford 
does not state definitely when the measurement was made, and it 
is probable that this figure is not the original static level but the 
level at the time Safford made his investigation, which was after 
several wells had been drilled. The altitude of the collar of the 
first successful well is not definitely known. This well was drilled 
for the Bohlen-Huse Ice Co. in the bayou at Court Street and had 
a large flow. The bayou is now 230 to 240 feet above sea level, 
and there is no evidence of filling. Chester & Fleming state that 
when the first well at Central Avenue was drilled, in 1908, the water 
level there from March to May 1908, averaged 232.7 feet above 
mean sea level. On October 28, 1928, the water level in the well 
at the West Tennessee State Normal School after a shutdown of 
6 hours was 237 feet above mean sea level. This is doubtless less 
than the original static level in this well, but the West Tennessee 
State Normal School is 6K miles east of the original well on Court 
Street, and owing to the hydraulic gradient its original static level 
was probably higher than the original level at Court Street. All

  Qlenn, L. C., Underground waters of Tennessee and Kentucky west of Tennessee River and of an 
adjacent area in Illinois: U. S. Qeol. Survey Water-Supply Paper 164, p. 110, 1906.' 

» Safford, J. M., op. dt., p. 102.
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these facts indicate that the original static level in the vicinity of 
the Auction Avenue wells was considerably more than 225 feet, 
probably about 235 feet.

RELATION OF PUMPAGE TO REGIONAL DRAWDOWN

The average altitude of the water level at the Auction Avenue 
plant for the year 1928 was 202.0 feet above mean sea level. This 
is 33 feet lower than the assumed original 235 feet. Taking 
34,000,000 gallons for the average daily pumpage from the Wilcox 
group in 1928 makes the yield of the formation about 1,000,000 
gallons a day for each foot of drawdown as measured at the Auction 
Avenue well. This figure for yield must be accepted as only approxi 
mate, however, because the original static level is not known exactly, 
and the water level has a considerable seasonal variation, also because 
the figure for total pumpage is only an estimate and may be some 
what in error.

If a well in an artesian water-bearing bed is pumped at a given rate, 
the pressure-indicating surface, as determined by measuring the 
depth to water at the pumped well and in other wells located in 
various directions and at various distances from the pumped well, 
will be found to conform in shape to the surface of a solid of revolution 
determined by an exponential curve, the vertex of which is at the 
pumped well. Such a surface is called a cone of depression. A group 
of closely spaced wells distributed approximately uniformly throughout 
a circular area and having about the same pumpage can be Hkened to 
one well with a pumpage equal to the combined pumpage of the 
individual wells, and the pressure-indicating surface for such a group 
of wells is similar in a general way to the cone of depression of a single 
isolated well. Under most conditions the drawdown, or lowering of 
the pressure-indicating surface at a pumped well, is directly propor 
tional to the rate of pumping; for instance, if the rate of pumping is 
doubled the drawdown is doubled. This is also true of the lowering 
of the pressure-indicating surface at any well in a group of wells, 
such as that described above, so long as the distribution of the wells 
remains the same and the rates of pumpage from each remain in the 
same ratio. If, however, new wells situated at a distance are pumped 
or if the ratio of pumpage of .the wells relative to each other i& changed, 
the drawdown in any well is not proportional to the total pump&ge. 
Without changing the total pumpage, it is possible to change the 
drawdown in any given well in a group by changing the location of 
pumpage relative to the well. Also, total pumpage can be changed 
without changing the drawdown in any given well by changing th§ 
location of pumpage relative to the well.

Prior to 1907 most of the pumping in Memphis was concentrated 
in the down-town section of the city, and the pressure-indicating
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surface was a conelike depression with its apex at the Auction Ave 
nue "wet well." The slope of the cone was steep in the down-town 
section but was almost flat a short distance away. Increases in 
pumpage were all in the same area, and the drawdown at the Auction 
Avenue "wet well" was in general proportional to pumpage. This 
can be seen by comparing profiles of the water surface in 1898 and 
1902 as given by Lundie and Hider.11 (See fig. 6.)

In 1907 pumping for the city waterworks was started at the Central 
Avenue plant, and in 1910 pumping from segregated wells was started. 
Private pumping showed a similar scattering. The influence of 
scattering of pumpage on the water level in the Auction Avenue "wet 
well" can be seen by comparing the figures of pumpage and water 
level in the following table:

Influence of the scattering of pumpage on the water level in the Auction Avenue
"wet well"

1898                          
1923                             
1928 - - ---    __ .

Average 
water level 
in Auction 

Avenue "wet well" 
(feet above 
sea level)

175.5 
175.7 
202.0

Average daily pumpage of 
Memphis Artesian Water 
Department from Wilcox 

group (gallons)

At Auction 
Avenue

9,400,000 
5, 697, 000 

None.

Total

9,400,000 
13,510,000 
13,000,000

Thus, though the pumpage has increased, the water level in the 
Auction Avenue "wet well" has risen, owing to a change in the 
location of the pumped wells. There has been a lowering of the 
pressure-indicating surface, however, over the rest of the city, as 
is clearly shown in Figures 6 and 7.

Further evidence is given in well 172, in which the water level 
had an altitude of 208. 5 feet on September 13, 1916, and 204.9 
feet on October 30, 1928. Chester & Fleming state that the wells 
drilled at Central Avenue in 1908 had water levels at an average 
altitude of 232.3 feet from March to May, inclusive. The water 
level in well 157, in the same, location, had an altitude of 226.2 
feet on April 10, 1916, and 225.4 feet on June 18, 1916; from March 
to May, 1929, its average was 220.6 feet.

In considering any figure for drawdown in Memphis such as that 
given above, or in estimating what effect increased pumpage will 
have on lowering the water level it should be borne in mind that the 
lowering of the water level is very largely dependent on the location 
of the pumpage. By distributing pumping over a large area the

» Hide/, Arthur, Omberg, J. A., jr., and Bell A. T., Engineers' report on the waterworks system of 
Memphis, Tenn., Memphis, 1904.
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quantity pumped can be greatly increased with only slight lowering 
of the water level over the whole area.

The pressure-indicating surface has been considerably lowered 
over a large area, and its lowest point has moved slightly south 
east from its former position at the Auction Avenue "wet well," 
but the maximum drawdown has not increased. The present 
pressure-indicating surface roughly resembles a trough, the sides 
and ends of which are determined by parabolas and the bottom of 
which is a level line. The long axis of the trough parallels the river. 
The drawdown has increased only slightly since about 1900. The 
farther north, south, or east a well is from this axis the higher is 
the static level in the well, and the less is the pumping lift. This
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fact shows that a wider distribution of pumping will allow increased 
pumpage without increasing the pumping lift.

The above discussion of the lowering of the pressure-indicating 
surface demonstrates that the present pumpage in the city of Memphis 
can be considerably increased in the outlying areas without materially 
increasing the drawdown in the down-town area. Also, in view of 
the large amount of pumping in the city, the drawdown at the Auction 
Avenue "wet well" is not great, and it is believed that additional 
supplies can be developed in the down-town part of the area. If 
more water is^pumped the head will doubtless decline, but for any 
increase anticipated in the immediate future the decline will not be
excessve.
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CHEMICAL. CHARACTER OF THE WATER

The analyses in the accompanying table are selected from about 
100 analyses of samples collected from wells in southwestern Tennessee 
in connection with the present investigation. The statements in 
regard to the waters from the different formations are based on all 
the analyses, together with others reported in Water-Supply Paper 
576 of the United States Geological Survey.

Water from wells in the Wilcox group is in general fairly soft and 
has a moderately low content of dissolved mineral matter. Analyses 
1 and 2 are extremes and 3, 4, and 6 are more typical examples from 
21 analyses of samples from wells in the Wilcox group in southwestern 
Tennessee. Samples were taken from 51 wells in this formation 
in Memphis and were examined for sulphate and iron to see if any 
relation could be found between the quantities of these two constitu 
ents and the location of the wells with reference to the Mississippi 
Kiver. No such relation was found. Nearly all the samples had 
around 5 parts per million of sulphate and 0.4 to 2.5 parts per million 
of iron. This is considerably more iron than is desirable in a water 
supply for general use, but the excess is easily removed by aeration 
followed by filtration.

The water is pumped from many wells by air Kft, which accomplishes 
the necessary aeration while raising the water. Separation of the iron 
may take place to some extent in the wells, with deposition on the 
casing. A sample from such a well will show less iron than is present 
in the water in the ground. Analyses 4 and 5 indicate the improve 
ment in iron content resulting from the treatment of water for the 
public supply of Memphis. The reduction from 0.61 to 0.08 part 
per million of iron changes the character of the water completely as 
regards its appearance on standing and its suitability for laundry use.

Water from the Wilcox group anywhere in Memphis will be approxi 
mately the same as that represented by the analyses given.

Waters from the Ripley formation in Tennessee and in Mississippi 
have a rather wide range in composition. Analyses 7 and 8 are ex 
tremes found in southwestern Tennessee. Analysis 9 is about an 
average water from the formation; it has 124 parts per million of 
dissolved solids. The average for 27 analyses of waters from the 
Kipley formation in Georgia was 150, and for 21 analyses from the 
Kipley formation in Mississippi was 235. Many of the waters from 
the Ripley formation are soft, like Nos. 8 and 9, and some also contain 
sodium bicarbonate, like No. 9. Most of the waters from the Kipley 
formation also carry enough iron to make necessary some form of 
treatment for its removal.

Except for the slight trouble and expense involved in the removal 
of the iron, water from either the Wilcox group or the Ripley forma 
tion is likely to be thoroughly satisfactory for all ordinary uses.
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Though water from the Eutaw formation in its outcrop area is 
fairly soft and has a moderately low content of dissolved solids, the 
water from the Eutaw formation in the 2,656-foot well at Memphis, 
represented by analysis 10, is a sodium bicarbonate water containing 
some chloride. The total dissolved solids amount to 1,466 parts per 
million. This water contains sufficient dissolved solids to be notice 
able to the taste and is unsuitable for domestic or industrial use.

Analyses of ground waters in southwestern Tennessee

[Parts per million. Samples 1, 2, 4 to 7, and 9 analyzed by Margaret D. Foster, U. S. Geological Survey, 
Washington, D. C.; samples 3 and 8 by D. F. Farrar, Tennessee Geological Survey, Nashville, Tenn.; 
sample 10, by F. A. Mantel, Memphis Artesian Water Department, Memphis, Tenn. Samples 1 to 6 
are from the Wilcoz group; samples 7 to 9 from the Ripley formation; sample 10 from the Eutaw forma 
tion]

Silica (SiOs)  -_   _            .
Iron (Fe)_ _ ...__.    ____ ............ ..........

Sodium (Na)   ...  ..............................
Potassium (K). .....................................
Bicarbonate radicle (HCO8)_ _ . __ ...............
Sulphate radicle (SO4> __       .....       
Chloride radicle (Ol).-............ ..................
Nitrate radicle (NOa)  ...... ..... . .-. ..-
Total dissolved solids ................................
Total hardness as CaCOs (calculated)..... ...........

Silica (SiOi)  .              
Iron (Fe) ____ .. .--.. _ . _ ....................
Calcium (Ca) _____________________

Chloride radicle (Cl).-.                 
Nitrate radicle (NOs) -   . .       
Total dissolved solids ______ ....................

1

19
.05

65
35
15.
1.0

387
8.6
5.0
.74

333
306

July 25,
1928

6

13
1.2

15
6.8
6.8
1.6

89
4.0
3.6
.0

91
65

July 19,
1928

2

11
.07

2.0
1.4
1.3
.9

13
2.5
.9
.39

27
11

June 29,
1929

7

27
.35

40
12
6.6
4.9

137
54
2.7
.0

217
149

June 22,
1928 ,

3

3.0
.1

25
3.0

} ,.
86
2.0

12
.2

94
75

Feb. 15,
1929

8

4.0
.7

7.0
1.0

} 2.0
17
9.0
.8

1.2
39
22

1929

4

21
.61

11
5.5

( 6.5
X 1.6

74
3.7
L8
.0

83
50

July 26,
1928

9

20
L6
3.0
1.0

( 35
I 2.7

104
5.5
LO
.55

124
12

July 26,
1923

5

Id
.08

8.6
4.2

15
1.2

80
4.4
1.8
.07

87
39

July 26,
1928

10

16
.4

3.2
1.1

432
71

925
1.8

17
.03

1,467.5
15.4

Sept. 26
1927

1. 250-foot well owned by town of Millington.
2. 335-foot well owned by Kentucky-Tennessee Power & Light Co., McKenzie.
3. 100-foot well owned by city of Covington.
4. 475-foot well, C-3, at southwest corner of pumping station, owned by city of Memphis.
5. Treated water from wells comprising public supply for city of Memphis.
6. 360-foot well, No. 85, owned by Railway Ice Co., Memphis.
7. 230-foot well owned by Hugh Carter, Bolivar.
8. 145-foot well owned by Harris Bros., Luray.
9. 1,400-foot well, C-^7, at southeast corner of pumping station, owned by city of Memphis.
10. 2,656-foot weft, C-25, of the Memphis Artesian Water Department, Memphis.



WATER-POWER RESOURCES OF THE ROGUE RIVER 
DRAINAGE BASIN, OREGON

By BENJAMIN E. JONES, WAEEEN OAKET, and HAROLD T. STEARNS

SUMMARY

The volcano whose crater is now occupied by Crater Lake, in southwestern 
Oregon, during its last active period poured forth volcanic ash that covered the 
country within a radius of about1 25 miles. Rain and melting snow percolate 
easily into this light material, but after entering the ground the progress of the 
water is slow, and several months are required before it reaches the streams. 
Through the long dry season, therefore, run-off from the rains of the previous 
winter and spring is appearing in the creeks and rivers to maintain the flow, 
although there is no precipitation.

The Rogue River drains the western half of this area around Crater Lake. It 
rises at an altitude of about 5,000 feet and flows in a southwesterly direction for 
210 miles to the Pacific Ocean. The drainage area is 5,080 square miles. The 
upper part of the basin is rough and wooded and has little tillable land. Its annual 
precipitation is 50 to 75 inches. This upper section furnishes practically all of 
the low-water flow of the river. The middle part of the basin constitutes the 
agricultural portion. Because of the low rainfall, 20 to 30 inches annually, and 
its seasonal distribution, very few crops can be raised without irrigation; yet 
when water is put on the land it is as productive as that in any other part of Oregon. 
Below the mouth of the Applegate the river enters a more rugged region and flows 
in a fairly wide canyon containing little marketable timber and practically no 
tillable land except a few farms below Illalie.

The main tributaries of the Rogue River are the Applegate and Illinois Rivers. 
The Applegate River drains an agricultural area and during the summer is almost 
entirely used for irrigation. The Illinois [River drains a mountainous area not 
far from the coast and is used to a slight ex1«nt for irrigation above Kerby; below 
that place it flows in a narrow canyon until it joins the Rogue River. The rainfall 
in the basin of the Illinois River amounts to about 68 inches, but there is a dry 
period from June to September, when the fl0w is very low, for the volcanic ash that 
acts as a reservoir on the upper Rogue Riyer does not reach to the basin of the 
Illinois River. I

Because -of the character of its basin, the large and well-sustained flow, and the 
steep gradient, the Rogue River is well suit id for use as a source of power. Field 
studies were made by the United States Geological Survey in 1923 and 1926 to 
determine the amount of power available and its relation to the public lands. 
Maps and profiles of the river have already been published, and a comprehensive 
scheme of development is outlined in this -report. (See pis. 3 and 4 and Tables 
1 and 2.) There are at present (1930) eight constructed power plants in the 
basin, of which four are on the main stream and four on tributaries. All these 
sites are capable of further development.

The principal plants are those at Prospect and Raygold, owned by the Califor 
nia-Oregon Power Co. A small plant at Gold Hill is used to pump water for the

35
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town. At Savage Rapids an irrigation company has erected a dam to raise the 
water level 20 feet for the double purpose of diverting water directly into a low- 
level canal for irrigation and of supplying power to pump water to a high-level 
canal. The city of Ashland maintains a small municipal plant on Ashland Greek. 
The plants on Butte Creek and Mill Creek were erected to supply power to saw 
mills, and one on Reuben Creek supplies a mine. The information concerning 
constructed plants in the Rogue River Basin is summarized in Table 1.

Two reservoir sites were found on the Rogue River, one on the Applegate River, 
and one on the Illinois River. The upper site on the Rogue River is at Hamaker 
Meadows, in T. 29 S., R. 4 E., where a dam 160 feet high would create 20,000 
acre-feet of storage, but the rock of the reservoir site and surrounding country 
is porous, and a detailed geologic examination is necessary to determine whether 
or not the reservoir will hold water. The Lost Creek reservoir site on the Rogue 
River is in T. 33 S., Rs. 1 and 2 E., and has a potential capacity of 110,000 
acre-feet with a dam 170 feet high; this reservoir would flood some bottom lands 
now cultivated and irrigated and would require the moving of a few houses and 
the relocation of a portion of the Crater Lake Highway. A third possible reser 
voir site on the Rogue River above Taylbr Creek is not considered practicable 
because of the excessive cost of valuable agricultural land that would be flooded. 
A reservoir site on the Applegate River in T. 37 S., R. 6 W., has a potential 
capacity of 195,000 acre-feet with a dam 135 feet high; considerable damage to 
lands, buildings, and highways would result from its construction. Near Kerby, 
on the Illinois River, a dam 170 feet high would create a reservoir of more than 
400,000 acre-feet capacity; this reservoir site is mostly on private land, but the 
power plants on the Illinois River below would all be on public land.

The potential power at each proposed power site is summarized in Table 2. 
The Prospect site, the largest on the upper river, has been considered hi connection 
with the present plant. Most of the sites involve no particular difficulties in 
construction.

At the Gold Hill site, by building a dam 13 feet high in sec. 11, T. 36 S., R. 3 W., 
a canal 2.6 miles long, and a penstock half a mile long, a head of 65 feet could be 
obtained, which would permit the generation of 5,800 horsepower for 90 per cent 
of the time and 11,400 horsepower for 50 per cent of the time without regulation.

Below Grants Pass there are several good sites where the river flows hi narrow 
rocky canyons. The Taylor Creek site is the first of these. A dam 82 feet high 
with a crest length of 270 feet at this point would flood only 560 acres of land, 
most of which lies hi the narrow bottom of the canyon. The dam could easily 
be built to a greater height, but it is doubtful if the increase in head would pay 
for the agricultural lands overflowed.

At the Swing Bridge site, in T. 34 S., R. 8 W., a dam 107 feet high would have 
a crest length of 500 feet. The damage to property at this site and the two 
sites immediately below would be negligible.

At the Horseshoe Bend site, in T. 33 S., R. 9 W., a rock-fill dam 128 feet high 
is proposed. The spillway would be across the bend.

At the mouth of Stairs Creek, in T. 33 S., R. 10 W., a dam 150 feet high would 
have a crest length of 320 feet. This is an excellent site for a dam, but it would 
be difficult to reach with construction materials.

The lowest power site on the Rogue River is at Copper Canyon, where a dam 
200 feet high would have a crest length of 550 feet. There would be some prop 
erty damage due to backwater from this dam, birt it would not be excessive 
The dam site is about 20 miles from Gold Beach, a harbor on the Pacific Ocean, 
and the construction of a railroad or highway to the site would not be very 
difficult.
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The value of the power sites on the Illinois River is dependent on the con 
struction of the Kerby Reservoir, and the construction of this reservoir is largely 
dependent on the amount of damages thai; must be paid for about 8,400 acres 
of land that would be overflowed. The land is sandy and of little agricultural 
value, and it should be obtainable at a price that would make the project feasible. 
There are many excellent dam sites belo^r Kerby. In the scheme proposed, 
besides the dam to create the Kerby Reservoir, a dam 175 feet high would be 
built at Fall Creek, a dam 190 feet high wth half a mile of tunnel at the site 
above C\ear Creek, and a dam 175 feet high with 2.8 miles of tunnel at Bald 
Mountain. It is estimated that these three projects, together with the Kerby 
Reservoir and the power that would be generated at the reservoir, would furnish 
145,000 continuous horsepower hi a year cf normal precipitation. Stream-flow 
records for the Illinois River, however, cover only short periods, and the estimates 
may be either too high or too low.

The rated capacity of turbines and water \ rheels installed at the eight constructed 
plants in the Rogue River Basin is 59,800 horsepower. The total potential
power on the Rogue River and the Illinois 
for 50 per cent of the time and 188,000 h

River amounts to 558,000 horsepower 
 rsepower for 90 per cent of the time

with the natural flow of the stream, and to 575,000 horsepower for 50 per cent 
of the tune and 455,000 horsepower for 90 per cent of the time with the flow 
regulated by the four proposed reservoirs.

The power availably for 50 and 90 per
natural flow as reduced by prospective irrigation demands and the power avail
able after partial regulation by the use of
and Kerby Reservoirs! are shown in Table 2. As the lower sections of these 
reservoirs contain only a small amount of storage, this portion will be maintained
to create a power head. No attempt has

cent of the time under conditions of

the Hamaker, Lost Creek, Applegate,

been made, however, to estimate the
potential power due to the fluctuating head in the reservoirs except at Kerby. 
The increase from storage in the flow for 90 per cent of the time at Copper-Canyon 
is due largely to the release of stored wat^r from the Kerby Reservoir, which is 
used to regulate the flow of the Illinois RiVer.
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INTRODUCTION

PURPOSE AND SCOPE OF THE INVESTIGATION

The Rogue River is well suited to use as a source of power because 
of the character of its basin, its large and well-sustained flow, and its 
steep gradient. For this reason the United States Geological Survey 
made an investigation during the summer of 1923 to determine the 
amount of power available and to examine the public lands that will 
be affected by the projects when built.

Benjamin E. Jones and Warren Oakey, hydraulic engineers, of the 
conservation branch, spent a total of eight months in the field studying 
conditions along the Rogue River and its tributaries. They selected 
dam and reservoir sites to be surveyed and were constantly in touch 
with the three parties sent out by the topographic branch. Maps 
were prepared covering all those portions of the basin which seemed to 
possess valuable power possibilities. The Rogue River proper was 
mapped from a point slightly below its source to tidewater at Gold 
Beach, and the Illinois River, its main tributary, was mapped from a 
point 7 miles above Kerby to its junction with the Rogue River. 
These maps and profiles of the streams have been published in 14 
sheets.1 Several dam and reservoir sites were surveyed in greater 
detail and considerable work showing possible diversion projects 
was done. In 1926 Harold T. Stearns spent about one month in the 
field studying the geology at the dam and reservoir sites.

From a study of the maps and of conditions on the ground estimates 
of potential power available in the different sections of the river have 
been made and a comprehensive scheme of development has been 
outlined. (See pis. 3 and 4.) The scheme of development followed 
in actual construction will be determined by the state of the science 
at the time the development is made and in the light of further detailed 
surveys and estimates of cost.
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GEOGRAPHY

The Rogue River Basin (see pi. 3) is shut in by the Umpqua Moun 
tains on the north, the Cascade Mountains on the east, the Siskiyou 
Mountains on the south, and the Coast Range on the west. The

i Plan and profile of Rogue River, Oreg., from mouth to National Creek, South Fork to mite 9, Middle 
Fork to mile 4, Butte Creek to mile 18, mtnois River to a point 7 miles above Kerby, and minor tributaries, 
Wee, $1.40,
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drainage area is 5,080 square miles, practically all of which lies in the 
southwestern part of Oregon. The river rises on the slope west of 
Crater Lake at an altitude of about 5,000 feet and flows in a south 
westerly direction for 210 miles to the Pacific Ocean. The upper 
part of the basin is rugged and contains little tillable land. The soil 
here is porous volcanic ash and pumice, the precipitation is heavy, and 
there is, in general, a thick forest cover; this part of the basin therefore 
forms an excellent catchment area. The central part of the basin, 
from Bear Creek to the Applegate Biver, constitutes the agricultural 
portion. Below the mouth of the (Applegate Biver the surface is 
more rugged and the river flows in a fairly wide canyon almost to 
IHahe, 7 miles above the mouth of the Illinois Biver (pis. 5, 6, 7); in 
this section there is very little timbe} and practically no tillable land. 
From IHahe to the mouth of the riv^r the canyon is much wider and 
there are a few farms. j

The main tributaries of the Bogie Biver are the Applegate and 
Illinois Bivers. THe Applegate Bivelr rises in the SisMyou Bange and 
flows in a northwesterly direction until it reaches the main stream. 
During the summer it is almost entirely used for irrigation. The 
Illinois Biver rises in the same range and flows in the same general 
direction. Above Kerby it is used toj a slight extent for irrigation, but 
below that place it! enters a narrow ^anyon, in which it flows until it 
joins the Bogue Biver at Agness. iThere is no agricultural land in 
this canyon, and the timber values alre very low.

Mining, both lode and placer, hag from time to time been carried 
on at many points within the basin of the Illinois Biver, but at the 
time of this investigation no active cperations were noticed.

The chief agricultural areas are along the Bogue Biver near Grants 
Pass, the valley of Bear Creek near Medford, and the valley of the 
Applegate Biver. Because of the low rainfall in this part of the basin 
and its seasonal distribution very few crops can be raised without 
irrigation, yet when water is put on the land it is as productive as that 
in any other part of Oregon. The principal crops are orchard products, 
particularly pears.

The timber resources of the country around Butte Falls, on Butte 
Creek, are now being developed on a large scale, and this will doubt 
less contribute considerably to the progress of the district by encour 
aging the settlement of the agricultural land which is being cleared.

GEOLOGYi
A description of, the geology of the numerous reservoir and dam 

sites involves mention of so many structural features, formations, and 
types of rocks that a brief summary of the important events in tib© 
geologic history of western Oregon]and of the areal distribution of 
the chief formations is given here.
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The known facts in the geologic history of western Oregon before 
Cretaceous time are few, for the sediments older than Cretaceous 
have been completely metamorphosed and now occur as schist, slate, 
and serpentine. These rocks are exposed along the lower part of the 
Rogue River in Jackson, Josephine, and Curry Counties. Dam sites 
in these rocks involve no problems of leakage, and all of them are 
satisfactory for foundations.

Late Jurassic or early Cretaceous time was marked by intrusions 
of large masses of granodiorite and other igneous rocks and by great 
movements of the crust. During Cretaceous time the northern and 
central parts of western Oregon lay below sea level, and in this area 
were deposited sediments which upon consolidation became conglom 
erate, shale, and sandstone. These sediments were then subjected 
to considerable folding, which has altered their original character and 
tilted the beds at steep angles. Outcrops of these sedimentary rocks 
are seen along the Illinois and Rogue Rivers in Josephine and Curry 
Counties. Many of the rugged canyons and consequently the sites 
of important dams and reservoirs are in the late Jurassic or early 
Cretaceous intrusive rocks. The granodiorite, diabase, and other 
intrusive rocks of this period cooled under the weight of overlying 
sediments, and consequently they do not have the porous structure 
and leaky contacts and joints that characterize so many of the later 
extrusive rocks; moreover, in crushing strength most of them are 
equal to granite, and all are sufficiently strong to support large struc 
tures. Generally speaking, these intrusive rocks form excellent sites 
from the point of view of both the geologist and the engineer, and they 
are as a whole better than the sites in any of the later formations.

During the Tertiary period numerous changes occurred, chief 
among which was the building of the Cascade Mountains by uplift 
and volcanic action. The Eocene, or early part of the Tertiary, was 
a time of deposition and marine invasion, during which extensive beds 
of sandstone and conglomerate were deposited. Igneous activity also 
was intense, for thick dikes and sills of basaltic lava were intruded into 
the sediments. The sites in the sedimentary rocks of this epoch are 
generally good, although there may be slight leakage along bedding 
planes.

During the later half of the Tertiary period marine deposition 
continued over the northwestern part of the State, interrupted by 
occasional periods of uplift. None of the dam and reservoir sites 
are located in the sedimentary rocks of this time. The later Tertiary 
together with the Pleistocene was a time of greatest volcanic activity. 
Numerous volcanoes along the Cascade Range poured forth thick 
flows of lava and emitted showers of pumice; among these was Mount 
Mazama, whose collapse formed the caldera now occupied by Crater 
Lake. (See pi. 8, B). Many of the lava flows coursed down river
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valleys and partly filled them. Since that time the rivers have ex 
cavated portions of the lava fills and formed narrow canyons with 
vertical walls of lava, in which are many rapids and waterfalls. (See 
pis. 9, B, and 10).

The Rogue River Valley, as shown by the terraces at the Hamaker 
and Lost Creek sites j has had a long and complicated geologic history. 
The ancestral valley at the Lost Creek site had about the same width 
as the present valleyi but was not so deep. During the Pliocene epoch 
numerous eruptions of basalt occurred from vents on the upper slopes 
of Mount Mazama. This lava was very fluid; it flowed down the 
Rogue River Valley for many miles and accumulated to a depth of 
about 200 feet. In reestablishing its course the river naturally sought 
the lowest places in the lava fill. Many of these places were at the 
contact of the lava with the old valley wall; consequently the river 
renewed its work of cutting at one side of its ancient canyon and carved 
a new canyon with the rocks of the old valley wall on one side and 
the rocks of the new lava fill on the other. In some places its new 
course did not coineide with the old one, and long stretches of the 
old river channel, either to the right or left of the present channel, 
remain buried under hundreds of feet of lava. The remnants of the 
lava fill or intracanyon flows now form high flat-topped benches along 
the river. A very conspicuous one is crossed by the new Crater Lake 
Highway at the site of the canal of the Prospect power plant. Near 
this place the Rogue River leaves the top of the intracanyon lava and 
enters a deep valley at the edge of the lava fill. The bench that lies 
220 feet above the south side of the river in the N. % sec. 25, T. 33 S., 
R. 1 E., is a remnant of this intracanyon lava fill. The road from 
McLeod Bridge up the east side of the Rogue River 'follows along the 
top of this bench for several miles. This remnant of the intracanyon 
lava occupies a critical position in the success of the Lost Creek site 
and is discussed further on page 76.

Most of the intracanyon lava is fractured and fissured, and at many 
places it covers ancient gravel beds through which impounded water 
might escape rapidly.

Pumice deposits cover wide areas, especially in the vicinity of 
Crater Lake and in the upper part of the Rogue River Valley. (See 
pi. 8, A.) After the Rogue River had carved out a wide valley in 
the intracanyon lava and had reached approximately its present 
stage, a gigantic mud flow came down the valley during one of the 
great explosive eruptions of Mount Mazama, probably not long be 
fore the collapse of the volcano. This mud flow consists almost en 
tirely of ash and pumice boulders.

Accompanying explosive volcanic eruptions there are generally tor 
rential downpours resulting from the condensation of volcanic steam 
and from meteoric storms, but because of the great thickness of light

31558° 32  4



44 coNTBiBtmoNB TO HYDROLOGY OF UNITED STATES, 1031

volcanic ash and pumice deposited, the streams become choked and 
soon either stop flowing or flow as a pasty mud. Thus each valley 
becomes filled, sometimes to overflowing, with the pasty ash and 
pumice. During the eruption of Mount Mazama the streams poured 
their pumiceous mud into the master stream   the Rogue River   where 
its accumulation formed a mud flow about 200 feet thick, which 
moved many miles down the valley. As the deposit was only sKghtly 
consolidated the river soon carved a new valley in it, leaving ter 
races along the 'valley wall at the Hamaker site and elsewhere.

Dam sites in the intracanyon lava and pumice may be excellent 
so far as purely physical form is considered, but the porous nature of 
the rock, the misplaced drainage, and concealed river channels (see 
pi. 9, A) make them treacherous for storing water because of possible 
leakage.

During Pleistocene time the high peaks of the Cascade Range were 
covered with glaciers, which moved down the valleys of most of the 
larger streams. While these glaciers existed the master streams were 
overloaded with de'bris and aggraded their valleys. Later erosion 
excavafyjcl valleys in the glacial fill, leaving the remnant® as gravel 
terraces. Some of the dam sites are located in this material and are 
consequently poor because of the amount of excavation necessary to 
reach bedrock.

CLIMATE

The Rogue River Basin is surrounded by mountains that range in 
height from about 3,000 feet to over 8,000 feet, increasing gradually 
as the eastern limit of the basin is approached. The following table 
giving the mean monthly and mean annual temperature at several 
points in the basin, listed in order from east to west, shows how the 
temperature varies with the altitude and with the distance from the 
sea.

TABLE 3.   Mean monthly and yearly temperature
Oreg.

in the Rogue River Basin,

Month

April-....  ._...__- .- ._..___...._.... .......
May                 

July   .  ...._.  _. ..__...__. ._...._...

November ___ __________________

Altitude... __ .... __ ..  _ ... ___ ......feet-

Crater 
Lake

245
27.7
32.1
38.6
41.6
47.7
55.6
54.7
47.4
39.3
31.0
25.0

38.6
6,016

Prospect

348
38.0
42.4
46.9
51.9
58.0
65.9
65.0
67.7
49.6
41.3
35.3

48.8
2.800

Medford

37.8
41.8
46.1
50. 9
56.6
648
71.6
70.9
63.3
52.9
43.4
37.1

53.1
1,425

Grants . 
Pass

39.1
42.5
46.6
51.3
56.8
62.6
69.6
68.9
61.9
53.6
445
39.1

53.0
940

Gold 
Beach

446
45.0
46.7
49.6
61.5
55.2
67.6
£0.2
67. 8
65.2
48.6
46.9

51.6
40
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TJ. S. GEOLOGICAL SUKVEY WATEK-StTPPLY PAPEK 638 PLATE 5

A. ROGUE RIVER ENTERING THE CANYON SECTION 12 MILES BELOW GRANTS PASS

B. ROGUE RIVER 24 MILES BELOW GRANTS PASS



U. S. GEOLOGICAL SURVEY WATER-SUPPLY PAPER 638 PLATE 6

A. ROGUE RIVER LOOKING UPSTREAM FROM HOWARD CREEK

B. ROGUE RIVER HALF A MILE ABOVE BUNKER CREEK



U. S. GEOLOGICAL SURVEY WATER-SUPPLY PAPER 638 PLATE 7

A. ROGUE RIVER IN SEC. 13, T. 34 S., R. 8 W., HALF A MILE BELOW ALMEDA

B. ROGUE RIVER HALF A MILE ABOVE CURRY-JOSEPHINE COUNTY LINE



U. S. GEOLOGICAL SURVEY WATER-SUPPLY PAPER 638 PLATE 8

A. CANYON IN VOLCANIC ASH NEAR HEADWATERS 
OF ROGUE RIVER

B. CRATER LAKE
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The table also shows that at only the highest points in the basin 
does the mean monthly temperature fall below the freezing point. 
In spite of the low winter temperatures at Crater Lake the lake itself 
never freezes over, but this is probably due to its great depth, as 
Diamond Lake and Klamath Lake freeze over during the winter, 
although both are at a much lower altitude.

The following precipitation table, based on Weather Bureau records, 
shows the monthly and annual rainfall at various points from west 
to east and also the way in which the rainfall is distributed. It may 
be noted that although the amount of precipitation at the various 
stations for the same month varies greatly, yet the trend at all the 
stations is the same, as there is a constant decrease from January to 
August and a constant increase from August to November, and 
December is usually somewhat lower than November.

TABLE 4. Mean monthly precipitation, in inches, in the flogrtte River Basin,
Oreg.

April . _ __ -_ .. 

July        .   
August . . . . _

Gold 
Beach

15.43
1450
9.85
5.00
3.88
1.87
1.06
.33

1.38
4.77

14.24
9.59

81.90

Agness

10.27
8.71
7 7Q
4.77
1.84
1.09
.36
.31

2.61
2.93
O it\
8.21

58.20

Qalice

12.10
4.38
3.35
3.22
1.85
.67
.49
.08

2.10
3.17
8.33
7.01

46.75

Grants 
Pass

5.72
4.59
3.18
1.71
1.53
.85
.17
.24
.94

1.91
451
4 OS

30.33

Med- 
ford

2.41
1.99
1.27
1.48
1.20
.75
.46
.20
.66

1.02
2.72
2.21

16.37

Jack 
sonville

4.64
3.64
2.41
1 48
1.74
1.00
.38
.36
.88

1.60
3.87
4.19

26.19

Ash 
land

2.97
2.34
1.96
1 54
1.66
1.05
.50
.32
.88

L37
2.60
3.08

20.27

Butte
Falls

4.85
3.54
2.41
2.87
2.59
1.60
.84
.34

1.75
2.13
6.01
3.69

32.62

Pros 
pect

6.74
4.96
3.38
2.97
2.50
1.31
.74
.34

1.94
3.15
7.15
4.42

39.00

The snowfall ranges from only a trace at Gold Beach to a recorded 
depth of 354.8 inches at Crater Lake. It seems, however, that the 
amount recorded for Crater Lake must be largely drift snow, for on 
Wizard Island, which is somewhat sheltered from the wind, the snow 
line is clearly marked at. about 12 feet, or 144 inches.2

The annual precipitation along the course of the Rogue River itself 
averages 55 inches, ranging from somewhat over 75 inches near the 
coast to a minimum of 16 inches near Medford and then increasing 
again to about 75 inches near the headwaters. The two major 
tributaries of the Rogue River the Illinois and Applegate Rivers  
have an average precipitation of 68 and 38 inches, respectively. The 
range along the Illinois River is from 100 inches on the west side of 
the basin to about 50 inches on the east side; that along the Applegate 
River is from 55 inches on the west to 27 inches on the east.

' Dffler, J. 8. and Fatten, H. B., The geology aad petrography of Crater Lake National Park; T7. B, 
Oeol. Survey Prof. Paper 3, p. 60,1902.
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FACTORS AFFECTING HYDRAUUC STRUCTURES

Ice will not materially interfere with the development of power on 
the Rogue River except possibly in the part of the basin above 
Prospect, and even there its effect is questionable. Though the tem 
perature in the upper part of the basin in November, December, 
January, and February (see Table 3) is favorable for ice formation 
the discharge record at Prospect shows that the run-off increases 
steadily during these months. The records of the gaging station at 
Prospect indicate that there is no trouble due to ice. A possible 
explanation of the small amount of ice is that during the winter 
practically all of the discharge from the upper part of the basin 
comes from ground storage and springs and the temperature of the 
water from these sources is ordinarily considerably above freezing.

At all proposed developments provision must be made to carry the 
maximum flood flow without damage to the hydraulic structures. 
The floods in the upper part of the basin are not severe; and as the sug 
gested plan of power development in this section includes only small 
diversion dams and canals, the excess flow can readily be carried by 
the main river channel. In the middle part of the basin low dams 
must be used in order that the damage due to flooding farm lands 
may be minimized. The banks here are low and are not very resist 
ant to erosion. In order, therefore, that floods may be passed with 
out allowing too much rise in the pond level, dams composed largely 
of gates must be used.

In the lower or canyon section of the river and on the Illinois River 
the floods may be severe, and either spillway tunnels or an overflow 
dam section must be used to pass the flood waters. Fortunately, 
most of the dams in these sections form large ponds in which the 
flow not capable of being passed by the wasteway will be stored, 
thereby ironing out the maximum flood peak.

The Rogue River is noted for its clear cold water, and no difficulty 
will be experienced with silt; all other debris is so small in amount 
that it can readily be disposed of without damage to plant or 
equipment.

A few of the proposed developments will necessitate the relocation 
of certain parts of highways, but an effort has been made throughout 
to provide for the maximum power available with minimum damage 
to present or proposed improvements. This can readily be accom 
plished, as the population of the district is very sparse and is, in 
general, concentrated in the agricultural portion of the basin, where 
the land is highly developed and where the slope of the river is so low 
as to preclude development for a long time. In the upper part of 
the basin the river grade is steep, and small dams with canals and 
pipe lines are suggested for the generation of power; such develop 
ment will do little if any damage, considering the character of the
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country. In the lower part of the basin the river flows in a canyon 
that is occupied by few people and contains a very small proportion 
of agricultural land; in this section relatively high dams with adja 
cent power houses are suggested as a desirable method of development.

Between the town of Galice asd the source of the Kogue River the 
stream is paralleled by a highway that could readily be improved 
sufficiently to enable construction machinery and materials to be 
transported. In the lower canyon sections of the Rogue and Illinois 
Rivers, however, no means of transportation other than pack animals 
exists, and trails could not be improved sufficiently to withstand 
heavy trucking except at considerable expense.

By constructing first the dam at Copper Canyon (site 12RD 25), 
the backwater would enable water transportation to be used on both 
the Rogue and Illinois Rivers practically to the next higher site; 
and by continuing this method through the canyon sections trans 
portation difficulties would be largely overcome.

A small motor boat runs from the mouth of the Rogue River (see 
pi. 11, A) to the junction of the Illinois River at Agness, but if a 
highway were built the boat would be discontinued, so it is considered 
improbable that there will be any navigation above Copper Canyon 
except the driving of logs. Provision for passing logs should be made 
at all dams constructed on the river, and any permits or licenses 
should contain a provision permitting the United States to construct 
locks or other works for navigation at any of the <lams if this is ever 
found desirable.

A suitable method of allowing fish to pass up the- river must be 
worked out before any power dams can be built on the lower section 
of the Rogue River. At present power development on the lower 
river is prevented entirely by an act of the legislature in the interests 
of migratory fish. Projects begun prior to the passage of the act, 
which was approved March 4, 1929, are probably not affected by it.

WATER SUPPLY

SEASONAL VARIATION IN STREAM FLOW

The annual precipitation ranges from 16 to 75 inches at different 
points in the basin but has the same general seasonal distribution at 
the different stations. The precipitation in the higher parts of the 
basin during the winter is largely in the form of snow, which contrib 
utes markedly to the stream flow during March, April, May, and 
June. . The upper part of the basin is heavily timbered, and the soil 
is composed of a very porous volcanic material that absorbs during 
the rainy season an immense quantity of water, which is gradually 
released during the remainder of the year. The sustained flow in 
the headwater streams during the dry season has been attributed by 
'many persons to the presence of Grater Lake, (See pi, 8, J5.) The
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following very rough analysis, based largely on'data given by Diller 
and Patton,3 shows that this belief is hardly warranted, as less than 
10 per cent of the flow can be so accounted for. The yearly fluctua 
tion in the stage of Crater Lake is about 4 feet. During the rainy 
season the water level rises, and during the dry season it falls. 
Records of the lake level taken during the month of September at 
varying intervals from 1892 to 1901 disclose the fact that the low 
stage did not change appreciably during that' time. As the level 
of the lake is practically constant from year to year, the only water 
that can be contributed to the headwater streams is that due to the 
excess of precipitation over all other losses. The precipitation is 
possibly as high as 80 inches a year, and evaporation, which is the 
source of by far the greatest loss, is about 46 inches a year. The 
difference, or 34 inches, is available to feed the small streams. The 
total water and tributary drainage area is about 27.5 square miles, 
of which all but 7.9 miles is in the lake; the error introduced by 
treating the whole area as a unit will be small. The total area mul 
tiplied by the net amount of water received, with the necessary factors 
applied to reduce the result to acre-feet, gives about 50,000 acre-feet. 
This volume of water uniformly distributed throughout the year is 
the equivalent of a constant addition to the streams heading around 
Crater Lake of about 70 second-feet, whereas the combined flow of 
these streams is over 1,000 second-feet. The base data are possibly 
somewhat in error, but it is hardly conceivable that the error is 
sufficiently great to account for this difference.

Records of the discharge of the Rogue River at Raygold 4 begin 
ning August 30,1905, are given in Tables 5 and 6; records for stations 
above and below Prospect covering shorter periods are given in Tables 
7 and 8. A list of all gaging stations that have been maintained in 
the Rogue River Basin, with the period of record, is given as Table 
13. Unless otherwise indicated all stream-flow records cover the 
12-month period ending September 30.

July, August, September, and October constitute the period of 
low run-off; the discharge for January, February, March, April, and 
May is uniformly high; and that for November, December, and June 
approximates the average annual flow. During March, April, May, 
June, July, and August the rainfall constantly decreases, but in spite 
of this the melting snow keeps the run-off high for the first four months 
of the period. This effect is particularly evident in the records both 
above and below Prospect, but at Raygold the deficiency in rainfall 
and the depletion of the ground-water storage are more than can be

' Dfller, J. 8., and Patton, H. B., op. cit., pp. 53-61.
< This station is in sec. 18, T. 36 S., R. 2 W., at Raygold railroad station, half a mite below the mouth of 

Bear Creek. Kecords at this station for the years 1906-1921 read "Rogue River near Tolo, Oreg." The 
post office at Tolo having been discontinued, the designation of tbe gaging sUttoa wag Qtanged beginning 
1922 to "Rogvss JMyer §t Raygold, geajr Qeatral Point, Oreg."
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offset by the run-off from melting snow, and the discharge falls rapidly. 
The great increase of the discharge below Prospect over that above 
Prospect during this period is worthy of note. It is due in small part 
to the slightly greater drainage area at the lower station but chiefly 
to the fact that between the two stations the Rogue River cuts down 
through about 500 feet of water-bearing strata (see pi. 9, B), in which 
are many springs and seepages. The low-water period extends from 
July to October at all stations.

ANNUAL YIELD AND MINIMUM FLOW

The records in the Rogue River Basin are not sufficiently long to 
show the existence of cycles of heavy and light run-off nor any general 
trend. However, a comparison of the shorter records with those at 
Raygold gives some idea whether the flow recorded at each station 
was higher or lower than normal. The index of wetness is found by 
dividing the total annual precipitation for any one year by the mean 
annual precipitation for a long period of years. According to the 
records of discharge above Prospect the index of wetness for 1908 to 
1912 at that station is only slightly above normal, and that for 1924 
to 1927 is below normal. Below Prospect the index of wetness for 
the period 1916 to 1926 is about 14 percent belownormal. The record 
of discharge at Raygold has been compared with the longer records on 
the Columbia River at The Dalles and the Willamette River at Albany 
and with the rainfall records. The longest discharge record is that of 
the Columbia River at The Dalles, which began in 1879. This record 
shows that the low years were 1889,1891,1905,1915,1924, and 1926. 
The lowest year was probably 1926. The precipitation record for 
western Oregon also shows a continued low period from 1915 to 1926 
and an extremely dry period from 1922 to 1926. For 1889 there are 
few data except the record of the flow of the Columbia River at The 
Dalles on which to base an estimate of the dryness in the Rogue River 
Basin; but a note in a Weather Bureau report for 1889 states that the 
year was very dry in eastern Oregon and in the lower Willamette 
Valley, so it is inferred that in southwestern Oregon there was more 
precipitation, and the records of rainfall bear out this inference. In 
1891 the precipitation in western Oregon was 71 percent of the mean, 
and in 1926 it was 70 per cent of the mean. These rather meager 
facts seem to indicate that the flow of the Rogue River was lower in 
1926 than in either 1889 or 1891. In 1905 the precipitation was 91 
per cent of the mean. The run-off of the Willamette River at Albany 
was nearly 2 inches greater than in 1926. The minimum flow of the 
Rogue River at Raygold in September, 1905, was 1,240 second-feet, 
compared with 860 second-feet in 1926. So undoubtedly the dis 
charge of Rogue River was greater in 1905 than in 1926. Beginning
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with 1906 stream-flow records are available on the Rogue River at 
Raygold.

From the records on the Columbia River beginning 1879 and the 
precipitation records for western Oregon beginning 1891 it can be 
assumed that a year of low flow will occur once for each 8 or 10 years 
of record and a year of very low flow will occur once in a much longer 
period. The low years may not occur 10 years apart, however, for 
records of stream flow seem to indicate cycles of flow, several dry 
years occurring close together. No method is known for predicting 
the length, time of occurrence, or cause of such cycles. Plotting the 
index of wetness for western Oregon for the 36 years ending 1926 
against the number of times each figure was equaled or exceeded 
indicates that a year as dry as 1926 will probably occur only once in 
scores of years.

The records on the Rogue River include the low period from 1915 
to 1926, and the estimates of power available are based on this record. 
The power estimates are therefore conservative and probably are 
somewhat low. The Q90 flow (see Table 6) is shown to be remark 
ably consistent, ranging from 1,030 to 1,543 second-feet, except in 
1924, when it fell to 867 second-feet, and in 1926, when it was only 
819 second-feet. The Q50 flow ranged from 1,579 to 3,722 second-feet, 
except in 1924, when it fell to 1,400 second-feet, and in 1926, when it 
was 1,300 second-feet. The maximum recorded discharge of the 
Rogue River at Raygold was 60,000 second-feet, but the mean flow 
for the day on which that stage occurred was 48,300 second-feet. The 
minimum recorded daily discharge at Raygold was 770 second-feet 
in 1926. Prior to 1924, when it was 813 second-feet, the minimum 
recorded mean daily discharge was 937 second-feet.

The run-off at Raygold during a normal year is about 2,200,000 
acre-feet. For the years 1906 to 1927 the flow 50 per cent of the time 
was 2,150 second-feet and the flow 90 per cent of the time was 1,180 
second-feet. The maximum annual flow of record on the Rogue 
River at Raygold occurred during the year 1906-7, when 3,030,000 
acre-feet passed the gaging station, and during four other years the 
flow has been in excess of 2,500,000 acre-feet. The flow in 1925-26, 
when only 1,100,000 acre-feet passed the station, is the minimum 
of record, although it was only slightly less than the flow of 1,220,000 
acre-feet during the year 1923-24. The results of miscellaneous 
measurements made in the Rogue River Basin in July and September, 
1923, are given in Table 9. Because of an exceptionally dry summer 
the September measurement given is probably somewhat below the 
normal low flow.
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TABLE 5. Summary of monthly mean discharge, in second-feet, of Rogue River al 
Raygold, Oreg., 1906-1927

Year

1905-6-      
1906-7-        
1907-8-       
1908-9-.         .
1909-10-         
1910-11-     
1911-12-      
1912-13-..     
1913-14-         
1914-15-     
1815-16-      
1916-17..     
1917-18-       
1918-19--      
1919-20-       
1920-21-       
1921-22-       
1922-23-          
1923-24--        
1924-25-         
1925-28-       
1926-27-.-      

Oct.

1,390 
1,340 
1,320 
1,840 
1,520 
1,260 
1,170 
1,400 
1,660 
1,690 
1,030 
1,230 
1,240 
1,220 
1,140 
1,630 
1,600 
1,350 
1,290 
1,410 
1,190 

983

983 
1,359 
1,330 
1,840

Nov.

1,370 
1,680 
1,410 
2,440 
8,410 
4,270 
2,160 
2,150 
2,100 
1,460 
1,680 
1,330 
1,430 
1,440 
1,920 
3,350 
2,710 
1,460 
1,290 
3,640 
1,330 
3,040

1,290 
2,367 
1,680 
8,410

Dec.

1,490 
2,820 
5,550 
1,960 
5,620 
4,940 
1,640 
2,350 
2,140 
1,250 
2,400 
1,350 
2,890 
1,460 
2,830 
5,080 
3,320 
2,720 
2,150 
3,950 
1,750 
4,650

1,250 
2,923 
2,560 
5,620

Jan.

4,000 
4,710 
5,350 

11,800 
3,600 
4,110 
6,720 
3,930 
6,300 
1,890 
2,760 
1,900 
4,510 
3,000 
2,060 
6,370 
2,380 
4,160 
2,020 
5,190 
1,820 
4,080

1,820 
4,216 
4,040 

11,800

Feb.

4,040 
12,500 
3,450 
6,730 
5,240 
3,810 
7,720 
3,390 
3,630 
2,600 
6,980 
2,990 
4,420 
4,500 
1,720 
8,030 
3,180 
2,490 
3,540 
7,640 
3,720 
8,740

1,720 
5,062 
3,925 

12,500

Mar.

3,840 
7,650 
3,420 
3,790 
6,760 
3,670 
4,040 
3,450 
4,880 
2,820 
4,420 
4,180 
3,770 
4.860 
^ 220 
5,440 
3,810 
2,640 
2,070 
2,830 
2,180 
4,120

2,070 
3,948 
3,800 
7,650

Apr.

4,370 
7.800 
4,530 
3,310 
3,240 
3,930 
3,860 
5,810 
4,090 
3,020 
4,160 
6,450 
3,250 
6,250 
3,780 
4,280 
4,190 
3,250 
2,370 
4,340 
1,650 
4,430

1,650 
4,198 
4,125 
7,800

May

4,220 
3,640 
4,150 
3,200 
3,180 
3,760 
5,910 
4,920 
3,080 
2,710 
3,530 
6,700 
2,510 
4,840 
3,270 
5,410 
5,260 
2,850 
1,680 
3,460 
1,340 
4,300

1,340 
3,815
3,585 
6,700

June

3,840 
3,310 
3,290 
2,830 
2,290 
3,200 
4,170 
3,750 
2,260 
1,880 
2,940 
5.750 
1,700 
2,600 
2,160 
4,340 
3,750 
2,170 
1,110 
2,410 

970 
3,320

970 
2,911
2,885 
5,750

July

2,440 
2,290 
2,260 
1,800 
1,640 
1,890 
2,150 
2,480 
1,500 
1,450 
1,940 
2,700 
1,270 
1,470 
1,280 
2,360 
1,730 
1,480 

932 
1,390 

831 
1,640

831 
1,770 
1,685 
2,700

Aug.

1,390 
1,740 
1,510 
1,460 
1,390 
1,340 
1,530 
1,630 
1,200 
1,050 
1,270 
1,480 
1,130 
1,160 
1,000 
1,690 
1,400 
1,190 

879 
1,180 

820 
1,210

820 
1,302 
1,305 
1,740

Sept.

1,310 
1,490 
1,460 
1,470 
1,180 
1,240 
1,540 
1,410 
1,430 
1,040 
1,250 
1,340 
1,160 
L200 
1,220 
1,620 
1,300 
1,110 

871 
1,250 

860 
1,280

860 
1,274 
1,265 
1,620

Year

2,810 
4,250 
3,140 
3,560 
3,670 
3,120 
3,560 
3,060 
2,860 
1,930 
2,860 
3,120 
2,440 
2,830 
2,050 
4,130 
2,890 
2,240 
1,670 
3,190 
1,520 
3,440

1,520 
3,015 
2,975 
4,260

TABLE 6. General summary of stream-flow data of Rogue River at Raygold, Oreg.,
1906-1927

Year

1905-6 ___ ....        
1906-7-             
1907-8--              
1908-9--        
1909-10-             
1910-11-             
1911-12-                .
1912-13               ...
1913-14                 
1914-15 .. _ . .
1915-16 ____ . , . ....
1916-17-                
1917-18 .   . 
1918-19        ..   
1919-20 __              ...
1820-2U                
1921-22           
1922-23 .   
1923-24..                 
1924-25    .              .
1926-26                  
1926-27 . .

Minimum

Discharge in second-feet

Q90

1,312 
1,349 
1,345 
1,469 
1,346 
1,264 
1,249 
1,417 
1,275 
1,060 
1,157 
1,265 
1,147 
1,147 
1,041 
1,543 
1,376 
1,186 

867 
1,150 

819 
1,030

819 
1,219 
1,257 
1,543

Q50

2,408 
2,789 
2,896 
2,412 
2,652 
2,655 
2,625 
 2,845 
2,167 
1,579 
2,245 
1,950 
1,912 
1,663 
1,716 
3,722 
2,329 
1,933 
1,400 
2,540 
1,300 
3,030

1,300 
2,308
2,368 
3,722

Mini 
mum

1,230 
1,270 
1,190 
1,320 
1,180 
1,120 
1,120 
1,180 
1,180 

960 
962 

1,010 
1,060 

948 
937 

1,220 
1,200 
1,050 

813 
875 
770 
840

770 
1,065 
1,090 
1,320

Maxi 
mum

27,800 
48,300 
29,400 
29,800 
48,300 
31,000 
35,000 
11,300 
21,200 
9,700 

15,800 
9,100 

16,700 
. 12,700 

7,480 
19,300 
15,400 
15, 600 
9,300 

33,900 
6,020 

48,900

6,020 
22,820 
18,000 
48,900

Mean

2,810 
4,250 
3,140 
3,550 
3,670 
3,110 
3,530 
3,050 
2,850 
1,920 
2,840 
3,110 
2,430 
2,820 
2,050 
4,110 
2,880 
2,240 
1, 670 
3,190 
1,520 
3,440

1,520 
2,910 
2,950 
4,250

Index of 
run-oft «

0.97 
1.46 
1.08 
1.22 
1.26 
1.07 
1.21 
1.05 
.98 
.66 
.98 

L07 
.84 
.97 
.71 

1.40 
.99 
.77 
.57 

1.10 
.52 

1.18

Index of 
wetness *

1.00 
1.21 
1.02 
1.05 
1.06 
1.00 
1.05 
1.00 
1.05 
.76 

1.16 
.78 
.82 
.93 
.79 

1.05 
.86 
.87 
.61 
.94 
.70 

1.19

« Yearly mean divided by the mean for the period.
* Yearly precipitation for western Oregon divided by the long-time average.
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TABLE 7. Summary of combined monthly mean discharge in second-feet, of Rogue 
River and the California-Oregon Power Co.'s flume below Prospect, Oreg., 1916-1928

Year

1915-16...
1916-17 
1917-18..
1918-19-.
1919-20 
1920-21..
1921-22..
1922-23 
1923-24 
1924-25 
1925-26 

Oct.

571
670
677
599
605
774
834
757
614
390
468

Nov.

763
704
740
615
893

1,210
1,230

763
654
873
494

Dec.

1,000
686

1,220
579
936

1,160
1,320

832
878
921
628

Jan.

705
669

1,670
902
956

1,510
914

1,140
750

1,300
574

Feb.

1,710
786

1,340
941
842

1,560
882
797

1,240
1,910
1,170

Mar.

1,750
796

1,340
921
806

1,660
973

1,020
811

1,070
879

Apr.

2,020
1,700
1,760
1,900
1,190
1,720
1,400
1,420
1,020
1,470

761

May

2,000
2,600
1,560
1,940
1,480
1,950
2,260
1,590

844
1,550

671

Jane

1,870
2,880
1,040
1,280
1,020
1,810
1,910
1,190

587
1,030

403

July

1,280
1,640

702
746
686

1,100
973
804
519
591
338

Aug.

783
841
608
637
567
868
825
644
485
504
320

Sept.

719.
715
589
622
606
834
773
615
479
498
305

Year

1,260
1,230
1,100

972
883

1,340
1,190

964
738

1,000
572

TABLE 8. Summary of monthly mean discharge, in second-feet, of Rogue River 
above Prospect, Oreg., 1908-1912 and 1924-1927

Year

1907-8 
1908-9 
1909-10 
1910-H 
1911-12 
1923-24  
1924-25  
1925-26  
1926-27 

Oct.

576
496
529 
466

«410 
376 
379 
325

Nov.

532
"650

966 
621

'439 
843 
422
784

Dee.

468
*1,320
1,070 

516
666 
856 
558 
956

Jan.

901
515 

1,480
533 

1,030 
503 
806

Feb.

590
791
982
601

936 
1,490 
1,050 
1,280

Mar.

801
715

1,390
887

672 
782 
767 
846

Apr.

1,180
832

1,240
1,090

710 
1,200 

649 
1,070

May

1,130
1,020
1,160
1,210

591 
1,260 

497 
1,540

June

1,060
915
768

1,140

389 
801 
356 

1,330

July

672
445
510
511

321 
477 
302 
620

Aug.

417
440
464
443

297 
409 
294 
460

Sept.

443
458
502
487

295 
408 
283 
462

Year

787

511 
823 
501 
869

  November 1-19. * December 10-31. ' Estimated.

TABLE 9. Miscellaneous discharge measurements in the Rogue River drainage basin, 
Oreg., during the year ending September SO, 1923

Date

July 18..
Sept. 5 
July 18..
Sept. 5 
July 18-
July 18__
Sept. 5..
July 18..

July 16-

July 16-
Sept. 10.
July 16-
Sept. 10.
July 16-
Sept. 10.
July 11..

July 11,.

July 17-
July 19..

Sept. 6 
July 19..

July 17..

July 21..
July 21..
July 14..
July 13..
July 23.. 
Sept. 1..

Stream

__ do       _.

  do        
Hamaker Creek _ . __

__ do _______ .   ...

  do         
Copeland Creek _._.._ _.._

Crater Creek..      _.
  do        

Castle Creek    ... . _
  ..do...     ...     
Union Creek  __ . ....
  do...    .   
Mill Creek       . 
   do.         .. ...

Middle Fork of Rogue
River, 

  do...        
South Fork of Rogue 

River. 
... ..do           ...
Red Blanket Creek ...... 
  .. do...    . ...... ...

... ..do....   .... ...    

.... .do      ..... .....

Tributary to 

  do        
   .do...      ... ....
... -do..   .....   ....
  - do...           
   do......         
   do....-  ....   ...
   do           
   do...         
  ..do.           
  do       
   do....         
  do      - 
   do.         ... .
..... do   ... .....    .
  do....       .
   do...   ......   ..
   do   ..... .   .... 
..... do.......       ...
   do......         
   do.        .....

  do..       
Middle Fork of Rogue 

River. 
   do           
._  .do            
.... .do           

   do       .......

Location

NE.M see. 4, T. 29 S., R. 5 E..
 . .do ___ ...  .   
S W. Ji sec. 11, T. 29 S., R. 4 E.
  do ___     ... __    
NE. X see. 15, T. 29 S., R. 4 E.
SE. M sec. 15, T. 29 S., R. 4 E..
-.   do _    _ .   ...... ...
NE. M sec. 32, T. 29 S., R. 4 E.
__ do.           
NE. M see. 8, T. 30 S.. R. 4 E.

NE. M sec. 5, T. 30 S., R. 4 E.

NE. M sec. 26, T. 30 S.. R. 3 E.
..... do               
SE. M see. 26, T. 30 S., R. 3 E.

NE. M sec. 3, T. 31 S., R. 3 E.

See. 33, T. 31 S., R. 3 E _ .... 
   do       .....   .....
Sec. 32, T. 32 S., R. 3 E  ....
NE. Ji see. 3, T. 33 S., R. 3 E.

... ..do  ....   .......    
SE. Ji sec. 12, T. 33 S., R. 3 E.

    do  ...... .... .... ... ....
Sec. 33, T. 32 S., R. 3 E  .....

NE. Ji sec. 20, T. 35 S., R. 3 E.

Sec. 30, T. 33 S., R. 1 E    

   -do...            

Discharge 
(second- 

feet)

4Z3
27.5
14.1
6.22
1.56
4.23
1.72

45.3
35.0
49.4
37.1
65.6
ARa

39.2
25.8
30.5
14.1
6Z3
49.3
29.9 
23.3
493

163

123.5
184.8 

75.3
91.0 
62.8
71.0
58.2
17.8
98.2
65.2 
29.0
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Along the Illinois Kiver the soil of the mountain sides is shallow, 
and the volcanic ash that acts as a reservoir on the upper Rogue 
River is lacking; therefore the run-off follows closely on the rainfall, 
and the period of low precipitation in the summer is a period of very 
low flow. Precipitation records indicate a mean annual precipitation 
of 68 niches for the entire basin, and the mean for a 12-year period at 
Buckhorn Ranch, in the upper Illinois Basin, was 70 inches. The 
following discharge records were obtained during the investigation of 
the power possibilities of the Illinois River.

Mean monthly discharge of the Illinois River near Kerby, Oreg., 1988

July._________________________________ 81 
August ________________________________________________ 36
September. __________________________________________ 27,
October________________________________________________ 146

Discharge records for the Illinois River at Kerby for the years 
ending September 30, 1927 and 1928, have been obtained by the 
State engineer of Oregon and are published in Water-Supply Papers 
654 and 674.

Two measurements of the Illinois River made in 1910 by W. E. 
Herrings, former district engineer, United States Forest Service, were 
as follows: September 15, below Rancheria Creek, 43 second-feet; 
October 1, at mouth, 82 second-feet.

The estimates of stream flow and potential power on the Illinois 
River are based on an assumed normal year. For the 19-year period 
ending September 30, 1914, the mean annual precipitation in western 
Oregon was below normal only once, and in the 10 years following 
1914 it was above normal only twice. The potential power of the 
river is determined by the normal flow, .whereas the capacity of steam 
auxiliary required depends on the flow of a dry year. The stream 
flow as given in Table 10 for the Kerby reservoir site, above Josephine 
Creek, was estimated from the records of discharge at Kerby for 1927 
and 1928 and the records of precipitation. For the other sites on the 
Illinois River the stream flow was estimated from the flow at Kerby 
on the basis of comparative drainage areas. The drainage areas used 
for the computation are given in Table 11. General measurements of 
the drainage areas of the Rogue River and its principal tributaries are 
given in Table 12.

TABLE 10. Estimated natural-flow, in second-feet, of the Illinois River, Oreg.

Month

January. ____

April ______

Kerby

1,180
1,810
3,000
1,400
1,600
1,600

Fall 
Creek

1,850
2,860
4,700
2,200
2,500
2,400

Clear 
Creek

2,500
3,800
6,250
2,900
3,300
3,100

Bald 
Moun 
tain

2,650
4,100
6,800
3,200
3,600
3,400

Month

May....    

July... ..-.....-

Kerby

700
200
100
60
SO

150

Fall 
Creek

1,100
315
160
95
79

237

Clear 
Creek

1,450
420
210
126
104
312

Bald 
Moun 
tain

1,600
460
220
135
112
336
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TABLE 11. Drainage areas and estimated discharge at power sites in the Rogue
River Basin, Oreg.

Rogue River

No.

1 
2 
3 
4 
t> 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25

Name of site

Hamaker..---. ______ ............. ...._.
Castle Creek ____ ... __ . _____ __ . _ .. ............
Union Creek __ .. . . __ .
Top Creek. __ .............. .. ... . ..-.-... _ ........
Riter Creek..... __ .... _ . ................. __ .... ___ ....
Prospect... _ .. ___ __ .. . . ......

Lost Creek __ . .....
Butte Creek.......... __ ...... .... _ .......... _____ .. .....
Elk Creek _ .... _ .......... _  ...... .............. __ ,. __
Trail Creek--.--.. __ . ____ ..  ........ _ . __ . _____
Long Creek. ______ .. .. ______ ........
Reese Creek ___ .. _ . _ .. . _ __ __ _ .. ____ ..
Little Butte Creek.... .... ..._.... _ ... .... __ . __ ... __.   ..
Raygold ___________ .... ____________ . __ . ...
Gold Hill.  -.-. .     .... .   ...... .......... ...

Savage Rapids. _________________________ . ...
Ament. ___ ......... _ .... ________ .,. ___ . ....   
HellGate                 ...-        
Taylor Creek.... ______ . __ ... ___ . ____ . ____ .. ...
SwingBridge..-. __________ . _ . _____ . .... ... _  
Horseshoe Bend _____ ._ ____ .. __ ... ___ ___ ....
Stairs Creek ___ . __ . ________ . _ . _ .. __ . .........

Drainage
area 

(square 
miles )

69 
187 
262 
312 
319 

i>677 
683 
685 
926 
926 

1,137 
1,137 
1,200 
1,680 
2,020 
2,060 
2,110 
2,390 
2,410 
3,370 
3,390 
3,600 
3,680 
3,780 
4,870

Discharge   
(second-feet)

Q50

125 
375 
500 
575 
685 

1,330 
1,350 
1,400 
1,660 
1,660 
1,830 
1,830 
1,860 
2,000 
2,150 
2,190 
2,210 
2,340 
2,360 
2,950 
2,970 
3,130 
3,200 
3,260 
6,150

Q90

SO 
225 
290 
326 
330 
700 
775 
845 
990 
990 

1,100 
1,100 
1,120 
1,180 
1,180 
1,180 
1,200 
1,210 
1,210 
1,280 
1,290 
1,300 
1,330 
1,370 
1,490

Illinois River

34
35
36
37

Kerby..-- .... __ .............. __ . ________________
FallCreek-.        _._    ..__   .       

Bald Mountain. __________________ . __ . ______

380
600
792
856

850
1,330
1,800
1,910

38
60
80
85

  With no allowance for diversions by Eagle Point and Grants Pass Irrigation Districts. 
»Area given is based on the assumption that Mill Creek, Red Blanket Creek, and the Middle and South 

Forks of the Rogue River will be diverted to the Rogue River above Prospect Dam.

TABLE 12. Drainage areas of'the Rogue River and its tributaries, Oreg.

Stream

Do. _ .._  .   .._ _  
Do...         ____
Do   .......  ...... ...
Do       ..    

Middle Fork of Rogue River-

Rogue River.

Do     .     ...

Elk Creek..... ...._. ..........
Trail Creek. .....  ..........

Do......-..  ..... .... ...
Do    _     _.    

South Fork of Little Butte
Creek. 

North Fork of Little Butte
Creek.

Point of measurement

Above junction of Middle Fork, NW. M sec. 11, T. 33 S., R. 2 E.
At Trail gaging station, SW. M sec. 10, T. 34 S., R. 1 W _ .....

At mouth, SE. M sec. 25, T. 36 S., R. 15 W.... .. .. .. .......... ..
Above junction of North Fork, NW. M sec. 11, T. 33 S., R. 2 E._ 
At mouth, NW. M sec. 9, T. 33 S., R. 3E .......................

At mouth, SW. Msec. 34, T. 33 S.. R. 1 E.......... ......... ...
At forks, NW. M sec. 3, T. 35 S., R. 2 E.........................
At gaging station, SE. M sec. 11, T. 35 S., R. 2 E.... __   . _ .
At mouth, SW. M sec. 20, T. 33 S., R. 1 E..... __ __     ._ 
At mouth, NW. M sec. 3, T. 34 S., R. 1 W. ....... .....-.  ....
Above Eagle Point, SW. Msec. 31, T. 35 S., R. 1 E.--.-  .....
Above Eagle Point, SE. M sec. 35, T. 35 S., R. 1 W-.   __ -
At mouth, SW. M sec. 7, T. 36 S., R. 1 W. _____ .._ _......
At gaging station, SW. M sec. 11, T. 37 S., R. 2 E.  ...... .... .

At mouth, SW. M sec. 20, T. 36 S., R. 2 E_.__ .     ...........

At mouth, NW. M sec. 20, T. 36 S., R. 2 W_. __.__    _..._..
At mouth, SE. M sec. 16, T. 36 S., R. 4 W...... ._..... _ .......
At mouth, NE. M sec. 19, T. 36 S., R. 6 W...  ................
At mouth, NW. M sec. 18, T. 35 S., R. 11 W..       .......

Area 
(square 
miles)

316
378
386

1,110
2,029
6,080

240 
93

245
166
113
128
61

276
284
361
110

49

380
222
768
995
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TABLE 13. Gaging stations in the Rogue River Basin, Oreg.

Stream

Do

Do.-.-.......         -   

Do          __.   - .-

Do         .   .  
Do   . ...       _...  .   

Do......                 

West Fork of Little Applegate River ___
Mill Creek.. . ........ ..... _ ...... ..

Do.      ... ... .. .  .....

Do  .      . ....... ..     ..
Do                      
Do                    

Location

At Medford...      .  .       -
AtTalent..                   

... .. do..    .    .     .    

At Kerby.  __ ....   .... .. ... . .. ....

  do... ...     ...  ...    -

dam above Prospect.

below Prospect.

Period of record

1911-1914.
1907-1910.
1913 (5 months).
1915-
1907-1911, 1912,

1913, 1914, 1921, 
(parts of years) 

1918-1920.
1910-11, 1915

1917- 
1913-
1916-1919 (parts

of years). 
1920-
1913 (4 months).
1927-
1922 (8 months).
1907-1916.
1916-
1911-1913, 1922-
1914-
1916-1919, 1921-
1910-1913, 1921-
1917-18.
1913 (6 months).

Do.
Do.

1910 (2 months).
1913 (5 months).
1907-1912, 1923-

1913-

1910-1913.
1905-
1906.
1924-
1913 (5 months).
1913 (3 months).

FLOODS

The following table shows the greatest recorded discharge at gaging 
stations on the Rogue River:

Maximum recorded discharges in the Rogue River Basin

Locality Date

Nov. 22, 1909
Dec. 30, 1925
Nov. 23, 1909

Drainage
area 

(square

315
378

2,020

Greatest 
recorded
discharge 
(second-

feet)

9,300
8,180

60,000

The maximum discharge above Prospect and at Raygold during the 
flood of November, 1909, varied almost exactly in the ratio of the 
drainage areas. If this held true at the mouth of the Rogue River 
the maximum flow at that point amounted to 150,000 second-feet. 
In general the flood flow in second-feet per square mile decreases with 
the increase in drainage area. But there is a possibility that the flood 
flow from the lower tributaries is at least as great and possibly greater 
than the flood flow from the upper river, for the lower basin is rocky, 
with, steep slopes, and probably receives a heavy rainfall during flood
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periods. Drift on tihe banks of the river at Copper Canyon indicates 
that flood flows reach a stage 30 to 40 feet above low water. Un 
doubtedly large flood flows can be expected at the Copper Canyon 
dam site and comparatively large flows at sites above the mouth of 
the Illinois River. The flood flow at Raygold gives an idea of the 
flows to be expected above the mouth of the Applegate River.

After the construction of the Kerby Reservoir on the Illinois River 
peak flows on that stream will be largely ironed out, and this will aid 
materially at the Copper Canyon site. The Kerby Reservoir will 
probably be built before any plants on the Illinois River are 
constructed.

PRIOR WATER BIGHTS

A considerable area in the Rogue River Basin is irrigated, but 
except for the large tract in the vicinity of Grants Pass, the water is 
almost entirely supplied by the side streams. The greater use of water 
for irrigation toward the later part of the period from 1906 to 1924 
had no marked effect on the discharge at Raygold and at points above, 
and it is probable that in the future the effect will not differ much 
from that in the past, except possibly that the diversion of 75 second- 
feet from Butte Creek at Butte Falls, Oreg., into the Little Butte 
Creek drainage basin may decrease the low flow below the mouth of 
Butte Creek by approximately that amount.

The Grants Pass Irrigation District has a dam and pumping plant 
in the Rogue River at Savage Rapids (see pi. 19, A), about 6 miles above 
Grants Pass, at which two pumping lifts and a gravity canal are in 
use. One of the pumps delivers 40 second-feet to a canal 150 feet 
above the pond level; the other delivers 67 second-feet to a canal 
90 feet above the pond; and the gravity ditch will carry about 150 
second-feet. The total drain on the river is about 260 second-feet 
during the height of the irrigation season. It seems reasonable to 
assume that some of this water will return to the river. If 60 second- 
feet is so returned the decrease in the Q90 flow during the season of 
low flow will be about 200 second-feet.

As the tributary streams in the agricultural part of the basin are 
largely used for irrigation at present, their Q90 flow is very low. This 
fact has been taken into account in estimating their contribution to the 
flow of the main river.

Considerable water is diverted for irrigation from the Bast and 
West Forks of the Illinois River above Kerby and from Deer Creek. 
These diversions seriously affect the low-water flow during the summer, 
but with the flow regulated by the Kerby Reservoir the effect on the 
yearly run-off would be slight and is probably included in the esti 
mated discharge.
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RIVER CONTROL

As there is sufficient water in the Rogue River, even during periods 
of low flow, to satisfy all irrigation needs, regulation of the discharge 
would be of no material benefit to agriculture. In the interest of 
power development, however, the increase of the low flow is greatly 
to be desired, for the amount of firm power that can be produced at all 
the plants in the basin is dependent on the flow available during the 
low period, and any increase in this flow will add greatly to the sale 
value of the produced power. On the Illinois River the period of low 
precipitation in the summer is a period of very low flow. This long 
period of low flow would render power development unprofitable with 
out storage.

Four reservoir sites were surveyed the Hamaker, Lost Creek, and 
Taylor Creek sites, on the Rogue River, and the Kerby site, on the 
Illinois River. Another possible reservoir site on the Applegate River 
was inspected. They are described on pages 58-66. At some of the 
high dams in the canyon section of the Rogue River ponds of large 
area will be created, and by their proper manipulation the low flow 
"may be still further increased.

A study of the run-off records of the Rogue River at Raygold shows 
that a reservoir having a capacity of about 400,000 acre-feet would 
be necessary to equalize the flow for the normal year. As no site for 
a reservoir or combination of reservoirs with a capacity so gp*eat exists 
above Raygold, complete regulation can never be attained. Compu 
tations made from the hydrograph of the flow at the gaging station 
above Prospect indicate that a reservoir having a capacity of about 
80,000 acre-feet would provide complete regulation during a normal 
year, whereas to obtain the desired result at the gaging station below 
Prospect a capacity of 114,000 acre-feet would be required.

To maintain the present Q50 flow through the low season at Raygold 
would require a reservoir with a capacity of 200,000 acre-feet; above 
Prospect, 22,000 acre-feet; and below Prospect, 43,000 acre-feet.

The Taylor Creek reservoir site on the Rogue River below Grants 
Pass, if developed, would provide complete regulation of the flow 
below the dam, but the land that would be flooded is mostly cultivated 
and irrigated, and its use for storage can not be economically justified. 
Below this point there are no sites valuable primarily for storage, but 
the upper portion of the ponds created by the power dams may be 
used to regulate the flow in part.

Regulation of the flow of the Illinois River for power in a normal 
year would require about 475,000 acre-feet of storage in the Kerby 
reservoir. This could be provided by a dam raising the water to the 
1,360-foot contour. In addition to the storage in the Kerby Reser 
voir, the ponds above proposed power dams on the Illinois River 
would afford some storage by drawing down the head. At Fall Creek,
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with a dam 180 feet high, a drawdown of 40 feet would yield 20,000 
acre-feet of storage. At Clear Creek a drawdown of 40 feet would 
yield 16,500 acre-feet of storage, and at Bald Mountain a drawdown 
of 40 feet would yield 15,000 acre-feet of storage. In computing the 
potential power at the several sites it has been assumed that in a 
normal year all of this storage capacity would be used. It has been 
assumed also that the power plants on the Illinois River would be 
operated in a single system and the flow regulated to give the maxi 
mum continuous output.

STORAGE SITES

There are no developed storage sites in the Rogue River Basin. 
The undeveloped sites are described below:

HAMAKER RESERVOIR SHE (12RD 1)

At Hamaker Meadows, in sees. 20 and 21, T. 29 S., R. 4 E., about 2 miles above 
National Creek, there is a possible storage site. (See fig. 8 and pi. 11, B.) The 
bottom lands are relatively flat and marshy and act as a reservoir in their present 
state. The flow at the site is estimated at 125 second-feet for 50 per cent of the 
time and 80 second-feet for 90 per cent of the time. The total annual discharge 
in a normal year is estimated at 102,000 acre-feet, which is equivalent to a con 
tinuous flow of 140 second-feet.

The altitude of the water surface at the dam site is about 3,739 feet, and a dam 
160 feet high, or to the 3,900-foot contour, would be necessary to give maximum 
results for storage at this site. The exact height to which it would be possible to 
build a dam depends on the conditions disclosed by drilling.

The capacity curve shows that by flooding to the 3,900-foot contour a capacity 
of 21,000 acre-feet would be made available. While this volume is not quite 
sufficient to make the Q50 and Q90 flows above Prospect equal, it will increase 
the Q90 flow by 95 second-feet and will contribute even more to the extreme low 
flow. This amount of stored water if used through a head of 2,750 feet at pro 
posed power sites lower down at 70 per cent efficiency would generate 42,000,000 
kilowatt-hours. This is, therefore, a valuable reservoir site, and the expenditure 
of considerable money in the construction of a dam would be justified.

In estimating the potential power of the river, it has been assumed that a dam 
can be built to the full height of 160 feet, but because of geologic conditions this 
may not be possible. Most of the reservoir site is clad with timber and dense 
underbrush. So thickly is the ground covered with the brush and fallen trees 
that it took 3 hours to walk 3 miles. This condition greatly hampered geologic 
examination of the site, and time was not available for a detailed study; but 
sufficient evidence was found in the afternoon spent there to indicate that the 
site should not be developed without an intensive study of the geology and with 
out thorough drilling and numerous porosity tests.

The reservoir site consists of marshy bottom land bordered on both sides by 
the pumice-covered banks of the Rogue River. No bedrock was positively identi 
fied in the reservoir floor. Numerous subangular boulders indicate that a deposit 
of glacial debris covers the valley floor; its relation to the pumice was not 
determined.

Along one side of the bottom land and in places on both sides there is a bench 
of ash and pumice which slopes steeply to the river. In a few places these slopes 
become vertical cliffs nearly 200 feet high which expose unstratified ash and 
pumice devoid of vegetation. A number of the exposures were examined, and
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in only one place were there any boulders other than pumice. At this place a 
long lens of cobbles and subangular lava rock having a maximum thickness of 
3 feet was visible. It doubtless represents the coarse deposit of some ancient 
stream. With this exception the outcrops consist entirely of white and gray 
pumice not even crudely stratified, for boulders of pumice 6 and 8 inches in 
diameter are commonly scattered throughout the finer ash. This deposit is com 
pact at the base but appears looser at the top. It is quite evident that the 
pumice of the bench owes its thickness not to quiet subaerial deposition as' a 
result of an explosive volcanic eruption, but to a mud flow. (See p. 43.) The 
ancient valley at the Hamaker reservoir site was wide and was left nearly filled 
with the mud. Subsequent erosion carved out another wide valley but left rem 
nants of the mud flow as terraces along the valley wall.

Numerous small springs issue at the base of some of the pumice cliffs on the 
east side of the reservoir site. Although their total visible flow does not exceed 
1 second-foot, they indicate that the pumice is permeable. The large springs 
that issue from the pumice deposits near Crater Lake also afford ample evidence 
that the pumice is extremely permeable. The occurrence of this immense per 
meable pumice deposit is an advantage in the reservoir as a place for underground 
storage, but at the dam site it may mean failure for a dam of the proposed height. 
The geology of this site is described further on page 72.

LOST CREEK RESERVOIR SITE (12BD 8)

The Lost Creek reservoir site is in sees. 24 and 26, T. 33 S., R. 1 E., and sees. 
19 and 20, T. 33 S., R. 2 E., nearly 3 miles northeast of McLeod Bridge, on the 
Rogue River. (See fig. 9 and pi. 13, A.) The Crater Lake Highway crosses a 
part of the proposed reservoir floor. A 170-foot dam to flood to the 1,745-foot 
contour would create a reservoir with a surface of about 1,400 acres and a 
capacity of 110,000 acre-feet, with a drawdown of 125 feet.

At this site the Rogue River occupies an open valley. The flood plain has a 
maximum width of nearly three-quarters of a mile at the mouth of Lost Creek, 
which enters the north side of the valley half a mile above the dam site. The 
flood plain is 1,600 feet in altitude and is bordered at the mouth of Lost Creek and 
on the south side of the river by a flat-topped terrace of pumice that is 100 feet 
above the flood plain and in places over a quarter of a mile wide. In the S. %, 
sec. 24, T. 33 S., R. 1 E., this terrace ends abruptly against another that has an 
altitude of about 1,820 feet, or 220 feet above the flood plain. East of the dam 
site the higher terrace is about half a mile wide and consists of soil-covered intra- 
canyon basalt. The geologic relations and the character of the basalt are de 
scribed further on pages 43 and 76.

During the glacial epoch the valley of the Rogue River was filled with de'bris 
to a depth of about 20 feet. Later erosion has left a stony channel bordered 
on both sides by low terraces of sand and gravel a few feet above the river.

The surface area of the reservoir when full would be about 1,400 acres, and if 
a 3-foot evaporation and seepage loss over this entire area is assumed, the total 
loss from these causes would be 4,200 acre-feet. The reservoir capacity at the 
1,620-foot contour is only 4,000 acre-feet, and this lower portion will be main 
tained to give a power head. By allowing the reservoir to fluctuate between the 
1,745-foot and 1,620-foot levels 110,000 acre-feet will be made available for 
regulation.

The gross head at proposed sites below Lost Creek amounts to 1,141 .feet, and 
110,000 acre-feet of water used through such a head would produce 75,000,000 
kilowatt-hours of energy. By using this capacity to partially equalize the flow 
at Raygold and by taking advantage of the release of stored water from the
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Hamaker Reservoir, the total increase in the Q90 flow at Eaygold and all points 
below would be 560 second-feet.
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FIGURE 9. Plan, cross section, and area and capacity curves, Lost Creek reservok site, Rogue River Basin

The proposed reservoir would flood some bottom lands that are now cultivated
and irrigated, and it would also necessi 
relocation of a part of the Crater Lake

ate the moving of a few houses and the 
Highway. The soil is mostly a volcanie
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ash, and owing to its distance from any large market its agricultural value is low. 
The hillsides are covered with timber and brush.

TATIOR CREEK RESERVOIR SITE (12RD 80 AND 21)

Below the town of Grants Pass there is an exceptionally good reservoir site 
on the Rogue River, with two good dam sites the Hell Gate dam site, in sec. 
10, T. 35 S., R. 7 W. (pi. 14, B), and the Taylor Creek dam site, in sec. 5, T. 35 
S., R. 7 W. (pis. 12 and 13, E). A dam at either Hell Gate or Taylor Creek would 
flood this reservoir site. The open upper end of the site is Pleistocene gravel and 
sand underlain by ancient metamorphic and intrusive rocks consisting of schist, 
argillite, conglomerate, and serpentine. All the rocks observed in the site are 
relatively impermeable, so that no seepage from the reservoir is likely. Where- 
ever the structure was observed the beds dip upstream, hence any leakage due 
to structure will be slight. So far as physical characteristics go no better reservoir 
could be desired, as the capacity increases rapidly with the height, and the hard, 
dense rock affords a foundation for a dam of any practicable height.

This site, however, is located in the heart of the agricultural part of the basin. 
A large part of the lands below the 900-foot contour are cultivated and irrigated, 
and some of them are devoted to such specialized crops as orchards and hops. 
The market price for land that would be flooded is out of proportion to the power 
benefits that would be derived from stream regulation, and it is extremely 
improbable that the site will ever be developed for storage. The power possi 
bilities are considered on page 84.

APPLEGATE RESERVOIR SITE (12RD 32)

A possible reservoir site on the Applegate River with the dam site in sec. 15, T. 
37 S., R. 6 W. (see fig. 10 and pi. 15, B), is shown on the Grants Pass topographic 
map. By raising the water 135 feet at the dam a reservoir with a capacity of 
195,000 acre-feet would be formed. The total annual discharge of the Apple- 
gate River at Murphy in 1908, a year when the precipitation was only slightly 
above normal, was 428,000 acre-feet, equivalent to a continuous flow of 591 
second-feet.

The reservoir floor consists of alluvial deposits in which rock outcrops are rare. 
A study of the rocks of the adjacent area indicates that the site is probably 
underlain by impermeable intrusive rocks. The dam site is wide, and the river 
bed and both abutments are composed of stratified, sand and gravel of unknown 
thickness. Bedrock is nowhere exposed in the site. In places large angular 
rocks that appear to have fallen from Eagle Mountain occur in the alluvium. 
There is a pronounced bench on the south side, and a dry gulch 20 feet deep 
that has been cut in this bench does not expose bedrock. The depth to bedrock 
can be determined only by drilling. A reconnaissance indicates that bedrock 
may lie more than 25 feet below the surface along the entire line of the dam and 
may be considerably more in places. The dam will have to be anchored on 
bedrock in order to prevent seepage through the alluvium and will be expensive 
because of the wide section and great depth to bedrock, but the site is believed 
to be physically feasible and may be utilized if the cost of construction does not 
exceed the value of the storage and power derived from its development.

A considerable portion of the bottom lands which would be flooded by this 
reservoir are sandy and practically worthless for agriculture. Other parts are 
cultivated and irrigated, and these tracts, together with the settlements of 
Newhope and Murphy, would be inundated. It would also be necessary to 
relocate a considerable mileage of highway and to move or destroy many isolated 
buildings.
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  FIGUEB 10. Plan, cross section, and area and capacity curves, 
Applegate reservoir site, Rogue River Basin

tion that 10,000 acre-feet would be left in the reservoir to create head for power, 
the remaining 185,000 acre-feet would produce 102,000,000 kilowatt-hours of 
power. In addition to the power obtained from the stored water considerable
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power could be developed at the dam from the natural flow. So, although the 
cost of this reservoir would be high, yet after the Rogue River is developed this 
storage would be very valuable.

KERBY BESERVOIB SITE (12RD 34)

The proposed Kerby Reservoir, on the Illinois River, would be used principally 
for storage, but some power could also be obtained. (See fig. 11 and pis. 14, A, 
15, A, and 16, A.) The dam would be built at one of two sites above Josephine 
Creek, in sec. 29, T. 38 S., R. 8 W., the choice depending on conditions shown by 
borings and test pits. Surface conditions indicate that the yardage would be 
the same at the two sites, for a dam at the lower site, though higher, would be 
shorter. A dam raising the water level to the 1,320-foot contour would flood 
4,910 acres and afford a capacity of 219,000 acre-feet. If the water level were 
raised 40 feet higher, to the 1,360-foot contour, it would flood about 8,400 acres 
and afford a capacity of 475,000 acre-feet. A dam at the upper site to flood 
to the 1,360-foot contour would need to be 160 feet above the water surface; a 
dam at the Tower site would need to be 12 feet higher. The total annual discharge 
in a normal year at these sites is estimated at 708,000 acre-feet, equivalent to a 
continuous flow of 970 second-feet. This estimate is probably conservative, as 
the actual discharge in 1927 amounted to 1,250,000 acre-feet and in 1928 to 741,000 
acre-feet. Conditions at both dam sites appear good for any type of dam. The 
river flows over bedrock, and probably the amount of surface stripping along the 
sides of the canyon would not be excessive. The spillway would be an open 
cut in the rock on one side of the dam. A railroad extends within 15 miles of 
the dam site and a good road within 3 miles. The damages would consist in 
flooding 8,400 acres of land and the small town of Kerby. As-the land is sandy 
and of little agricultural value it should be purchasable at a price that would 
make the project feasible.

The reservoir site is covered over most of its area with alluvium and elsewhere 
with a thick mantle of soil, except in the vicinity of the dam sites, where numerous 
outcrops of serpentine occur. On the north a low divide 4 miles wide separates 
the Illinois River from Deer Creek. If the water level should be raised to the 
1,360-foot contour it would lie not far from the crest of this divide. Consequently 
the divide was examined for possible leakage. Artificial cuts expose thin-bedded 
shales that are contorted and steeply dipping but sufficiently impermeable to 
prevent seepage toward Deer Creek. The remainder of the reservoir site was 
not examined in detail, because the structure at the dam site indicates that 
there will be no seepage from the underlying rocks.

The upper Kerby dam site is in the SE. % sec. 29, T. 38 S., R. 8 W., on the 
Illinois River, on the south side of Eight Dollar Mountain. (See pi. 16, A.) 
The mountain is part of an immense body of serpentine and peridotite altered 
intrusive basic rock that strikes northeast. This rock forms both abutments 
of the site. Such rock is impermeable, and as it extends to great depth, it acts 
as a cut-off wall, preventing any seepage through the sedimentary beds that 
underlie the reservoir site. Along the line of the dam massive peridotite crops 
out, but in most places it is covered with considerable rotten rock and soil, so 
that more stripping will be necessary at this site than at the lower Kerby dam 
site. Otherwise the site is satisfactory.

The lower Kerby or Josephine Creek dam site is in the NW. % sec. 29, T. 38 
S., R. 8 W., on the Illinois River, almost a mile downstream from the upper 
site. (See pi. 14, A.) Massive peridotite with seams of serpentine crops out 
on both banks and in the river bed at this site. Rock in place is exposed on the 
west side for a long distance up the mountain; on the east side the outcrop can
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be traced for a distance of about 25 feet above the river surface, and above this 
point the surface is strewn with loose blocks of the same rock. About 50 feet 
upstream from the danS site there is an 8-foot dike of a rock containing black 
crystals in a gray grouadmass; it is apparently allied to a diorite. The lower 
site has all the advantages of the upper site and would require much less exca-
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FIGURE 11. Plan, cross section, and area and capacity carves, Josephine Creek dam site and Kerby 

reservoir site, Eogue Eiver Basin

vation for the dam. It would be profitable to explore both sites and also the 
area between them with a drill to determine the best place for a dam of the type 
to be constructed.

The value of the power sites below on the Illinois Eiver depends upon the 
construction of the Kerby Reservoir,
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SUMMARY OF RESULTS FBOM STORAGE ON THE ROGUE RIVER

Table 14 shows for the normal year the Q50 and Q90 flows under 
various assumptions at the proposed power plants.

TABLE 14. Summary of results from storage on the Rogue and Applegate Rivers,
Oreg., in second-feet

No.

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25

Name of site

Top Creek __ ... ________ ..
Biter Creek..   ____ ..........

Butte Creek __ . ________ ..
Elk Creek. ............. _ .._.....

Little Butte Creek. .... ...........

Gold Hill... .-...-............-.

Hell Gate. _ .....  ....... __ .

Horseshoe Bend.. .................

Existing flow

Q50

125 
375 
500 
575 
585 

1,330 
1,350 
1,400 
1,660 
1,660 
1,860 
1,860 
1,900 
2,030 
2,150 
2,190 
2,210 
2,340 
2,360 
2,950 
2,970 
3,130 
3,200 
3,250 
5,150

Q90

80 
225 
290 
325 
330 
700 
775 
845 
920 
920 

1,030 
1,030 
1,0£0 
1,110 
1,110 
1,110 
1,130 

930 
930 

1,010 
1,020 
1,030 
1,060 
1,100 
1,220

Prospective flow 
with partial reg 
ulation

Q50

 130 
  375 
"300 
"575 
o585 
1,330 
1,350 
1,690 
1,910 
1,910 
2,030 
2,030 

'2,050 
' 2, 070 

2,1£0 
2, ICO 
2,210 
2,340 
2,360 
2,950 
2,970 
3,130 
3,200 
3,259 
5,150

Q90

"130 
"270 
o344 
"385 
"386 
-795 
-870 

'1,140 
'1,240 
'1,240 
'1,400 
'1,420 
'1,430 
'1,6£0 
' 1, 670 
» 1, 670 
"1,690 
'1,490 
'1,490 
' 1, 570 
'1,580 
'1,590 
' i,620 
'1,660 
 4,000

Prospective flow 
with regulation 
including Apple- 
gate storage res 
ervoir

Q50

"130 
"375 
"500 
"575 
 585 

ol,330 
ol,350 
» 1,690 
'1,910 
' 1, 910 
'2,030 
'2,030 
'2,050 
'2,070 

2,150 
2,190 
2,210 
2,340 
2,360 
2,960 
2,970 

. 3,130 
3,200 
3,250 
5,150

Q90

-130 
"270 
o344 
-385 
"386 
o795 
-870 

'1,140 
'1,240 
'1,240 
&1.400 
'1,220 
'1,430 
'1,650 
'1,670 
' 1, 670 
'1,690 
'1,490 
'1,490 
*2,390 
''2,400 
<I2,410 
<«2,440 
<«2,480 
 4,850

« Flow as modified by use of Hamaker Reservoir to regulate discharge above Prospect.
' Flow as modified by use of Hamaker Reservok to regulate discharge above Prospect and by use of Lost 

Creek Reservoir to regulate discharge at Raygold.
o Developed site.
d Hamaker and Lost Creek Reservoirs used as above. Applegate Reservoir used for regulating flow at 

Hell Gate and below.
  Flow as modified by use of Kerby Reservok to regulate flow of the Illinois River.

The storage that could be obtained at power sites on the lower 
Rogue River by manipulating the pond level is discussed under those
sites.

WATER POWER

The Rogue River has a well-sustained low flow, which can be some 
what supplemented by the use of the four reservoirs above described. 
At many points the fall is concentrated, and there are numerous good 
dam sites. (See pis. 3 and 4.) A large proportion of the available 
power can be produced without materially damaging existing or 
proposed improvements. Construction-plant equipment and material 
can be carried by existing transportation routes except in the canyon 
section of the river, where special methods will have to be used.

In spite of the well-sustained flow of some of the creeks tributary 
to the Rogue River it is not considered probable that any of those 
above Prospect are worthy of development by themselves except for
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some special local use, because of the low slope in their lower stretches 
and because of the more advantageous possibilities on the main river.

Mill Creek, Red Blanket Creek, and the Middle and South Forks 
of the Rogue River, which flow into it just below Prospect, are all 
valuable power streams and can be developed separately. It appears 
preferable, however, that they should be combined into some unified 
system, and such a system is considered in detail in connection with 
the Prospect power site. (See pp. 68-69.) Briefly, it consists in 
collecting the flow of these four tributaries and 'turning it into the 
main river above the section of greatest fall. Such a method will 
utilize the valuable part of Mill and Red Blanket Creeks and the 
lower part of the Middle and South Forks. On the Middle and South 
Forks the parts above the diversion dams suggested have further 
attractive power possibilities.

As Butte Creek drains a heavily timbered region in which there are 
numerous springs, the low flow is well sustained. At Butte Falls the 
discharge available for 90 per cent of the time is about 100 second-feet, 
and the average grade of the creek between this point and the Rogue 
River is 60 feet to the mile. The construction of a diversion dam and 
canal would involve no particular difficulty. The power value of this 
section of the stream is, however, destroyed by the diversion of prac 
tically all the low flow for irrigation. The Eagle Point Irrigation 
District has constructed a small dam and gravity canal taking water 
from Butte Creek just below the town of Butte Falls and delivering 
it to lands in the vicinity of Eagle Point. The district has an approved 
filing of 75 second-feet, and the canal is designed to carry 90 second- 
feet, the probable ultimate development. This irrigation project has 
some power possibilities. The McNeil Creek siphon operates under 
a head of 330 feet, and there are two drops in the canal, one of 60 
feet and one of 300 feet, both occurring before any large portion of the 
canal water is diverted for irrigation. By using the two drops in the 
canal for power during the irrigation season and the McNeil Creek 
siphon for power during the rest of the year, a practically constant 
2,000 horsepower could be generated with the authorized flow or 
2,400 horsepower if the canal is used to its full designed carrying 
capacity.

The power value of the minor tributaries of the Rogue River below 
the mouth of Butte Creek is very low. In the agricultural portion of 
the basin the summer flow is absorbed by irrigation requirements, and 
in the lower canyon section the creeks are short and steep and carry 
little water during the season of low rainfall.

Although the Applegate River could furnish some power its chief 
contribution would be the regulation of flow at sites lower down 
afforded by the storage of water in the Applegate Reservoir.
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The Illinois River flows through an agricultural area and is used to 
some extent for irrigation. The natural flow is extremely variable, 
and without some regulation to equalize the flow the power value 
would be low. Fortunately, however, a practically uniform flow can 
be insured by developing the Kerby reservoir site. The river for most 
of its length below Kerby flows in a narrow canyon, good dam sites 
are abundant, and damage due to flowage would be negligible. The 
river slope in this section is about 24 feet to the mile, and practically 
all of the 1,250-foot fall can be utilized. There are no transportation 
facilities available, and special provisions must be made to handle 
the material involved in the construction of the power projects. 
Besides the Kerby site, three other sites were selected for develop 
ment the Fall Creek, Clear Creek, and Bald Mountain power sites. 
If these were operated as one system they would generate in an 
assumed normal year 145,000 continuous horsepower.

Although it wiU no doubt be possible to generate some power on 
many of the minor tributaries of the Rogue River, the plant® will 
necessarily be small, supplying a local market. The municipal plant 
at Ashland is an example of a development making a maximum use 
of a small stream. The plants on Mill Creek and Reuben Creek are 
other examples. However, it seems impracticable to consider these 
small sites in a preliminary investigation of this sort unless they are 
already utilized or there is some condition that makes them particu 
larly valuable.

The total potential power on the Rogue River and its tributaries 
amounts to 558,000 horsepower for 50 per cent of the time and 189,000 
horsepower for 90 per cent of the time with the natural flow of the 
stream, or to 576,000 horsepower for 50 per cent of the time and 
456,000 horsepower for 90 per cent of the time with the flow regulated 
by the four proposed reservoirs.

DEVELOPED SITES

There are eight developed water-power sites in the Rogue River 
Basin. The rated capacity of the turbines and water wheels installed 
is 59,800 horsepower. The power generated is used to pump water 
for irrigation, to drive sawmills, and to produce electricity for general 
uses.

PROSPECT POWER PLANT (1SBD 6)

The plant that has its power house below the small town of Prospect is the 
largest power plant in Oregon. (See pis. 16, B, and 17, B.) In this vicinity the 
river falls rapidly (see pi. 10, A), and a 60-foot diversion dam has been built in 
the SE. K sec. 30, T. 32 S., R. 3 E., with a concrete-lined canal 6,840 feet long- 
leading to a small forebay. Two pipe lines 3,100 feet long lead from the forebay 
to a surge tank 150 feet high at the edge of the canyon. Two steel penstockr 
850 feet long conduct the water from the tank to two Pelton water wheelr 
which have a capacity of 23,400 horsepower each and are direct-connected to two
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A. JOSEPHINE CREEK DAM SITE FOR KERBY RESERVOIR, ON ILLINOIS RIVER, 
ROGUE RIVER BASIN

B. HELL GATE DAM SITE, ROGUE RIVER BASIN
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A. LOWER END OF KERRY RESERVOIR SITE ON ILLINOIS RIVER, ROGUE RIVER BASIN

B. DAM SITE FOR RESERVOIR ON APPLEGATE RIVER, ROGUE RIVER BASIN
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A. KERBY DAM SITE, ILLINOIS RIVER, ROGUE RIVER BASIN

B. DIVERSION DAM OF PROSPECT POWER PLANT, ROGUE RIVER BASIN
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A. RAYGOLD POWER PLANT, ROGUE RIVER BASIN

B. PROSPECT POWER HOUSE NO. 2, ROGUE RIVER BASIN





20,000 kilovolt-ampere General Electric generators. The operating head at the 
plant is 600 feet, and the total head is roughly estimated at 620 feet. The 
original power house is a short distance upstream and contains an impulse-type 
Francis turbine rated at 7,000 horsepower direct-connected to a generator rated 
at 4,590 kilovolt-amperes.

It is planned to divert the Middle and South Forks of the Rogue River, as 
well as Mill, Bar, and Red Blanket Creeks into the Rogue River above the diver 
sion dam for this project, thus furnishing a large additional supply of water that 
could be used through the present plant.

Potential power at developed site 12RD 6

Rogue River only: Natural flow ____________
Rogue River with Middle and South Forks, Mill Creek, 

Bar Creek, and Red Blanket Creek diverted to this 
project:

Flow (second-feet)

90 per cent 
of time

330

700 
795

50 per cent 
of time

590

1,330 
1,330

Horsepower

90 per cent 
of time

16,400

34,700 
39,400

50 per cent 
of time

29,200

66,000 
66,000

By adopting the unified plan the total power output will be practically doubled. 
The added expense, which should not be high, will be incurred fofthe construction 
of about 7 miles of open flume or canal and 1.5 miles of tunnel.

Practically no water is diverted from the river above the dam. The country 
that would be crossed by the canals is heavily timbered but is unsettled, and the 
damage caused by construction would be low. The scenic beauty of Mill Creek 
Falls would be ruined ecxept during periods of high water, and the sawmill at 
Prospect would be deprived of its water; but no other material damage would 
be done to existing or proposed improvements. The flood flow could readily be 
passed over the small diversion dams.

RAYGOLD POWER PLANT (12RD 15)

The Raygold plant of the California-Oregon Power Co. is on the Rogue River 
at Raygold, in the SE. K sec. 18, T. 36 S., R. 2 W. The dam is a rock-filled 
timber-crib structure with a concrete-core wall. (See pi. 17, A,) It is about 20 
feet high and 420 feet long, is slightly arched upstream, and is built on bedrock, 
to which it is anchored by iron drift bolts. A granite-masonry retaining wall 4 
feet thick at the top and 300 feet long forms one side of the headrace, which is 
about 60 feet wide and 12 feet deep. Flood waters are taken eare of by natural 
overflow on the entire length of the dam and by gates near the lower end of the 
forebay. The head available at the power house is slightly over 20 feet. The 
hydraulic machinery consists of two S. Morgan Smith 42-inch twin turbines, 
rated at 1,000 horsepower each, and two smaller wheels rated at 375 horsepower 
each, or a total of 2,750 horsepower. This power drives two 750-kilovolt-ampere 
generators and one 450-kilovolt-ampere generator, or a total of 1,950 kilovolt- 
amperes. The electricity produced is fed directly into the transmission system 
of the California-Oregon Power Co,
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Potential power at developed site 12RD 15

Natural flow _______________ .. . ___
Regulated flow _____________ ___ .......

Flow (second-feet)

90 per cent 
of time

1,110 
1,670

50 per cent 
of time

2,150 
2,160

Horsepower

90 per cent 
of time

1,960 
2,940

50 per cent 
of time

3,780 
3,780

The maximum flood that may be expected in a long period of years is about 
87,000 second-feet; of this amount about 4,000 second-feet can be used by the 
wheels and possibly another 4,000 second-feet can be passed through the gates in 
the headrace. The remainder, or 79,000 second-feet, must be passed over the 
spillway, which is 420 feet long. Raising the pond level between 14 and 15 feet 
will permit the passage of this water.

GOLD HILL POWER PLANT (12RD 16a)

The power plant on the Rogue River a short distance above the town of Gold 
Hill, at the time it was examined in 1923, was being used to pump water for that 
town. The natural fall of the river is taken advantage of by a small wing dam 
which diverts the water in the NW. % sec. 15, T. 36 S., R. 3 W., and by a canal 
about half a mile long which carries the water to a power house in the SW. % 
sec. 15. The pl#,nt was greatly underdeveloped and in a poor state of repair. 
The head available is about 18 feet, but probably not over 20 horsepower was 
being produced by the water wheel, which is belt-connected to a small triplex 
pump. By an enlargement of the present headrace and suitable alterations of 
the power house and the hydraulic equipment, this development could be made 
valuable. (See description of the undeveloped power site at Gold Hill (12RD 
16), p. 82.)

Potential power at developed site 12RD 16a

Flow (second-feet)

90 per cent 
of time

1,110 
1,670

50 per cent 
of time

2,190 
2,190

Horsepower

90 per cent 
of time

1,600 
2,380

50 per cent 
of time

3,150 
3,150

SAVAGE RAPIDS POWER PLANT (13ED 18)

The plant of the Grants Pass Irrigation District is at Savage Rapids, on 
the Rogue River, in the SE. % sec, 24, T. 36 S., R. 5 W., and the SE. % 
sec. 19, T. 36 S., R. 4 W. A combination multiple-arch and solid-concrete dam 
is constructed partly on native rock and partly on cemented gravel. (See pi. 
19, A.) Sixteen hydraulically operated radial-type gates, each capable of passing 
3,000 second-feet, are provided to carry the floods. The head developed is 28 
feet. Two 48-inch horizontal Allis-Chalmers turbines, each rated at 900 horse 
power h are direct-connected to centrifugal pumps that deliver water to ditches 
150 feet above the river on the north side and 90 feet above it on the south side. 
In addition to these lifts the irrigation system includes a gravity canal with a 
carrying capacity of about 150 second-feet. All the power produced is used for 
irrigation.
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Potential power at developed site ISJtD 18

Flow (second-feet)

90 per cent 
of time

930 
1,490

50 per cent 
of time

2,340 
2,340

Horsepower

90 per cent 
of time

2,080 
3,340

50 per cent 
of time

5,240 
5,240

The maximum flood that may be expected in a long period of years is about 
100,000 second-feet. The dam is designed to pass 48,000 second-feet without 
raising the pond level. With a maximum flood, however, the pond would rise 
about 5 feet even with all the gates open.

MHI CREEK POWER PLANT (12ED 26)

The Mill Creek power plant, at Prospect, has been used for sawing lumber. 
A short flume diverts water from Mill Creek and delivers it to the water wheel at 
the mill under a head of about 25 feet. Less than 30 horsepower was being used. 
The flume is in poor shape, and the whole outfit is of a temporary nature.

The natural Q90 flow at this site is 45 second-feet and the Q50 flow 85 second- 
feet; 90 horsepower could be developed for 90 per cent of the time and 170 horse 
power for 50 per cent of the time.

BUTTE FALIS POWER PLANT (12RD 29)

The Butte Falls Lumber Co. has a plant on Butte Creek at Butte Falls. By 
using a small timber-crib dam and a wood flume about 500 feet long a head of 49 
feet is made available. The hydraulic equipment consists of a Leffel wheel 
rated at 500 horsepower and a McCormick wheel rated at 250 horsepower. The 
power has not been used for several years, and the plant is partly dismantled, 
but formerly it was used for running a sawmill.

The natural Q90 flow at this site is 133 second-feet and the Q50 flow 160 
second-feet; 520 horsepower could be developed for 90 per cent of the time and 
626 horsepower for 50 per cent of the time.

ASHLAND POWER PLANT (12RD 31)

The Ashland municipal plant diverts water from the East and West Forks of 
Ashland Creek and carries it to the power house in the NW. % sec. 21, T. 39 S., 
R. 1 E. (See pi. 18, A.) The effective head is 420 feet. A new dam was 
constructed in 1928. The equipment consists of a 56-inch impulse turbine mak 
ing 300 revolutions a minute, rated at 600 horsepower, direct-connected to a 300- 
kilowatt 4,000-volt 43-ampere 3-phase 60-cycle generator, which in turn is 
excited by a 12J4-kilowatt generator belt connected to the water-wheel shaft. 
Appropriate governing and switching apparatus is also included.

REUBEN CREEK POWER PLANT (12BD 33)

A mining company has been granted a license by the Federal Power Commission 
for a project on Reuben Creek, a tributary of Graves Creek. A diversion dam of 
logs and rock has been built in the SE. }i NE. H sec. 24, T. 33 S., T. 8 W. From 
the dam a conduit \% miles long leads to a power house in the NW. J4 SW. J4 sec. 
30, T. 33 S., R. 7 W. The site has a potential capacity of 62 horsepower for about 

. 50 per cent of the time and 27 horsepower for 90 per cent of the time. Power 
is used for mining and lighting. In 1913 a 4-inch Pelton wheel was in use at the 
site. It was operated under a 90-foot head and supplied about 16 horsepower to 
a sawmill. This was a temporary plant.
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UNDEVELOPED SITES

The following study of the undeveloped water power of the Rogue River is 
based on maps prepared by the topographic branch of the Geological Survey, on 
a field investigation of each of the proposed sites, and on office studies of such 
material as is in the files. The sites are described in order, starting with the 
highest part of the basin and working downstream on the Rogue River, then on 
its tributaries, in the same order. (See pi. 3.)

HAMAEEB POWER SITE (12ED 1)

The Hamaker Reservoir and power site is in sees. 20 and 21, T. 29 S-, R. 4 E. 
(See fig. 8 and pi. 11, B.) A dam 160 feet high would flood 'to the 3,900-foot 
contour and provide a storage capacity of 21,000 acre-feet, which could be used 
for partial regulation of the flow above Prospect. The storage possibilities have 
been considered on pages 58-60. The volume in the lower 40 feet of the reservoir 
is small. This portion, therefore, may be used to maintain a power head. By 
tapping the reservoir at the 40-foot level, or at an altitude of 3,780 feet, and 
carrying the water in a conduit \% miles long on the left bank of the river, then 
turning it into a penstock a quarter of a mile long, the water will be returned to 
the river at an altitude of 3,580 feet, making available a total head of 200 feet.

The dam site is at a narrows where the river leaves its flood plain and tumbles 
over rock that crops out in the bed of the stream and to a height of nearly 20 feet 
on both banks. The geologic structure along the line of the proposed dam is 
shown in the cross section on Figure 8.

The rock exposed in the banks at the site is a basaltic lava, about 20 feet thick, 
containing distinct crystals of olivine. This flow has a vesicular crust and a dense 
middle portion and base. On the east wall it is overlain by a pumice mud flow to 
the top of the canyon, and hence well above the proposed height of the dam. 
Lack of time prevented a thorough examination of the brush-covered west wall, 
but it is believed that this is the ancient rock wall with only a thin cover of ash. 
Below the olivine basalt lies another lava flow of reddish hue, containing promi 
nent feldspar crystals. This lava was not examined under the microscope, but it 
resembles an andesite in its habit, for it shows platy structure. It crops out 
downstream from the site for several hundred feet. The contact of the olivine 
basalt with this andesite is not exposed. Probably the river has cut through 
the basalt (see line T-S, fig. 8) and is flowing on the andesite, but it was not 
feasible to obtain a specimen from the river bed to determine this fact. No 
trouble should be met in anchoring the proposed dam, as this rock will provide a 
suitable foundation.

The unfavorable feature of this site is the presence of the mud flow on the east 
side, which would form an unsatisfactory abutment. Further, there are possi 
bilities of leakage that might be difficult to overcome. Because the mud flow is 
the eritical feature of the dam site a traverse was made of it to the point where 
National Creek crosses the Diamond Lake road. The pumice-covered bench, or 
mud flow, was found te extend all the way to National Creek, a distance of nearly 
2 miles in a southerly direction. National Creek, at its confluence with the Rogue 
River, has an altitude of 3,575 feet, or 164 feet lower thafi the water surface of 
the Rogue at the Hamaker dam site. Thus water escaping through the east 
abutment would have a steep hydraulic gradient, and a line of springs would 
probably result along the east bank of the Rogue between the dam site and 
National Creek. - The amount of water that would escape in this manner is 
unknown, but it might be sufficient to cause the failure of the reservoir.

The mud flow is estimated to exceed half a mile in width on the east bank of 
the Rogue at the dam site, hence it appears impracticable to lay a cut-off wall
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to prevent leakage. The details of the west bank are unknown but should be 
investigated for a possibility of leakage into Foster Creek, which lies southwest of 
the dam site. It is recommended that a line of holes be drilled along the line of 
the dam site to determine the contour of the buried rock floor and the character 
of the contact of the lava flows underlying the pumice. If the width and thick 
ness of the mud flow at this place are not so great as has been estimated, a cut 
off wall to prevent leakage might be feasible. The drill holes should be pressure 
tested to determine the permeability of the pumiceous flow. Also it would be 
worth while to determine whether the ancient rock walls of the buried valley are 
closer together at any place downstream.

This site is believed to be a practicable one in the major program of power 
development on the river. There is a possibility that a lower dam would regulate 
the flow of the Rogue as well as one 160 feet high because of the underground 
storage in* the thick pumice beds in the reservoir site; under such conditions the 
leakage would probably not exceed the amount of water that would have to be 
released for use downstream. Thus this site would be satisfactory as a power 
reservoir, though it might be a failure for the storage of irrigation water.

Potential power at undeveloped site 12RD 1

Flow (second-feet)

90 per cent 
of time

80 
130

50 per cent 
of time

126 
130

Horsepower

90 per cent 
of time

1,280
2,080

50 per cent 
of time

2,000 
% 080

Between National Creek and Castle Creek the average fall is 14 feet to the mile, 
and with storage the potential power is 145 horsepower to the mile.

CASTLE CREEK POWER SITE (12RD 2)

By constructing a 40-foot dam just below the mouth of Castle Creek in sec. 26, 
T. 30 S., E. 3 E., and carrying the water in an open flume on the right bank along 
the 3,480-foot contour for a distance of 1.6 miles, then turning it into a 700-foot 
penstock, a head of 200 feet could be used. At the 40-foot height the dam would 
be 350 feet long, and no difficulty should be experienced in constructing or sealing 
such a dam. There are no diversions above this project, and practically no 
damage would be done by flooding above the dam or by the construction of the 
flume and hydraulic structures.

Potential power at undeveloped site 1SED 2

'

Flow (second-feet)

90 per cent 
of time

225
370

60 per cent 
of time

375 
375

Horsepower

90 per cent 
of time

3,600 
4,320

GO per cent 
of time

6,000 
6,000

The extreme flood that may be expected will amount to about 6,000 second- 
feet, which can be passed through and around the dam without difficulty *
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UNION CREEK POWER SITE (12RD 3)

The site for the diversion dam of the Union Creek project is about a-quarter 
of a mile below the power-house site of the Castle Creek project, near the south 
west corner of sec. 35, T. 30 S., R. 3 E. This dam should probably be a very low 
concrete structure, which under normal conditions will divert most of the flow into 
the canal but will readily pass the floods over its crest. Union Creek, which enters 
the Rogue River a short distance below this dam site, has a remarkably well- 
sustained flow, and it is desirable that this stream be incorporated in the project. 
This may be accomplished by intercepting the creek by a canal. Waste gates 
should be placed in the creek channel so that all water in excess of the carrying 
capacity of the canal may be returned to the river.

Below Union Creek two alternate plans of development are suggested. One 
contemplates carrying the water across the river from a point in the NW. % sec. 3 
to the NE. y* sec. 4, T. 31 S., R. 3 E., then in an open canal along the' 3,280-foot 
contour to a point near the south line of section 8, from which a pressure pipe 
could carry the water to the power house in the NE. % sec. 17.

The second plan involves carrying the water in a canal along the left bank of 
the river to the SW. }i sec. 3 and thence through a pressure pipe to a power house 
on the same side of the river. '

The first plan would require the construction of 4.7 miles of open canal and 
0.5 mile of penstock; the second would require 1.8 miles of canal and 2.3 miles of 
penstock. Owing to the difficulty of constructing and maintaining a canal on the 
steep hillside, as required in the first plan, it is probable that in spite of its greater 
length of pressure pipe the second plan would be a more economical development. 
The bench on which the pipe would be constructed slopes rather gently toward 
the southwest to a point directly above the power house, where it drops sharply.

Potential power at undeveloped site 1PRD 3.

Flow (second-feet)

90 per cent 
of time

290 
344

60 per cent 
of time

600 
500

Horsepower

90 per cent 
of time

6,500 
7,700

60 per cent 
of time

11,200 
11,200

A flood flow of about 8,000 second-feet can be passed over the dam and through 
the waste gates. No damage to existing improvements would be involved in
this development.

TOP CEEEE POWER SITE (12RD 4)

By constructing a 20-foot dam in the SE.-J4 sec. 19, T. 31 S., R. 3 E:, to flood 
to the 2,960-foot contour, carrying the water in a canal 1.2 miles long, and turning 
it into a penstock 0.7 mile long leading to a power house in the NW. % sec. 32, a 
head of 140 feet would be created at the Top Creek power site.

Potential power at undeveloped site IBRD 4

Flow (second-feet)

90 per cent 
of time

325 
386

60 per cent 
of time

575 
575

Horsepower

90 per cent 
of time

3,640 
4,310

60 per cent 
of time

6,440 
6,440
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The eonditions are favorable for the construction of a 20-foot dam of an over 
flow section. It would have a crest length of about 250 feet and could readily 
pass the flood flow, which might reach 10,000 second-feet. There are no diver 
sions above this site, and no damage to existing improvements would be caused 
by the construction of the dam.

RITEE CREEK POWER SITE (12RD 5)

The dam site for the Riter Creek project is near the north line of sec. 8, T. 32 S., 
R. 3 E. The right bank is steep, and it appears that a canal could be carried 
along it on grade only with difficulty. The left bank is rather flat and slopes 
toward the south and is therefore much better suited to easy canal construction. 
A more detailed study might show that a penstock constructed across the sloping 
bench on the left bank of the river and connecting the lower power house with 
the gravity ditch would be more economical than a conduit on grade on the right 
bank. By constructing a 15-foot overflow-section dam the water will be raised 
to the 2,800-foot level, and by carrying it by combined canal and pipe line a dis 
tance of about 3.5 miles to a power house in the SW. % sec. 20, T. 32 S., R. 3 E., 
a head of 200 feet will be created.

Potential power at undeveloped site 1%RD 5

Flow (second-feet)

90 per cent 
of time

330
386

60 per cent 
of time

685 
585

Horsepower

90 per cent 
of time

5,280 
6,180

60 per cent
of time

9,360 
9,380

As the crest length of the dam is over 200 feet the maximum flood which may 
be expected can easily be passed. No appreciable damage would be caused by
this development.

PROSPECT POWER SITE (12RD 6)

The development of additional power at the Prospect site has been considered 
in connection with the description of the plant now in operation. (See pp. 
68-69.)

CASCADE POWER SITE (12RD 7)

Water for the Cascade power project would be diverted in the NW. % sec. 6, 
T. 33 S., R. 3 E., just below the Prospect power house, and carried by conduit 
along the right bank to a point in the NW K sec. 15, T. 33 S., R. 2 E., where 
a head of 230 feet would be obtained. The river in this section flows in a canyon 
with steep wooded banks, and the conduit would probably be a pipe line. The 
discharge for this plant would be slightly greater than for the Prospect plant, 
because of seepage water entering the gorge below the Prospect Dam. This 
increase is roughly estimated at 70 second-feet for 90 per cent of the time and 
100 second-feet for 50 per cent of the time. No damage would be caused by 

'the construction of this plant, as the land affected is valueless for any other pur 
pose. The Crater Lake Highway runs along the edge of the canyon and would 
facilitate construction.

In estimating the potential power of this site it has been assumed that the 
flow of Mill and Red Blanket Creeks and the Middle and South Forks of the 
Rogue River will be diverted to the Rogue River above the intake of the Prospect 
plant.

31558° 32  6
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Potential power at undeveloped site 1%RD 7 

[Head, 230 feet]

Rogue River with Middle and South Forks, Mill Creek, 
Bar Creek, and Red Blanket Creek diverted to Pros 
pect:

Flow (second-feet)

90 per cent 
of time

625

775 
870

50 per cent 
of time

900

1,430 
1,430

Horsepower

90 per cent 
of time

11,500

14,200 
16»000

50 per cent 
of time

16,600

26,300 
26,300

LOST CHEEK POWER SITE (12RD 8)

The dam site for the Lost Creek reservoir and power project is in sec. 26, T. 
33 S., R. 1 E. The principal features of the reservoir site have been described 
on pages 60-62. (See fig. 9 and pi. 13, A.)

The west abutment of the dam site is massive basalt similar in appearance to 
Columbia River basalt. It is irregularly jointed and nearly impermeable. The 
same massive dark fine-grained basalt is exposed also in the river bed and for 
about 100 feet up the west wall of the canyon. Above this point there crops 
out an olivine basalt which is fresher and more recent than the basalt below it. 
The contact of the two rocks is not visible because of vegetation. No difficulty 
will be experienced in obtaining an excellent foundation for the proposed dam. 
About 200 feet upstream from the left abutment there are outcrops of a soft 
thin-bedded volcanic agglomerate dipping upstream. This rock was not found 
in the west abutment, but the absence of outcrops might possibly be due to the 
cover of vegetation. If it does occur there it is probably thin and of little conse 
quence in the construction of a dam at this site, but it should be looked for in 
the test holes.

The olivine basalt in the east abutment would not affect the construction of 
a dam at this site, but it would affect the success of the reservoir. This olivine 
basalt represents the outcrop of the intracanyon lava. It was traced eastward 
for about half a mile where it forms the broad bench described on page 43. The 
width of the bench and its thickening eastward indicate that the river has cut 
down on the west side of the intracanyon flow, leaving its ancient buried channel 
from an eighth to a quarter of a mile to the east of its present channel. This 
condition is shown in the cross section of the valley on Figure 9. As the ancient 
channel apparently was not cut as deep as the present one, the ancient channel 
does not now cause any seepage losses from the river. Considerable time would 
be necessary to map the exact location of this buried channel, because the area is 
thickly wooded. The facts now available indicate that the upstream end of it 
is in the SE. % sec. 24, T. 33 S., R. 1 E., and the downstream end is on the 
east bank about 1 % miles downstream from the dam site. The upstream o^ ia- 
take end is buried by the pumiceous mud flow, which is known to be permeable 
and which would not prevent seepage into and through the buried channel.

The amount of seepage is difficult to estimate under the known conditions. 
Experience elsewhere has shown that both the basalt and the gravel occupying 
such buried channels will carry large amounts of water. Lava tubes and slaggy, 
open contacts between the intracanyon flows and between these flows and the 
ancient canyon walls are common under such conditions and are not easily located 
on the surface or by means of the drill. In Plate 9, A, is shown a lava tube in 
this intracanyon basalt of Rogue Valley at the natural bridge, about 20 miles
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A. ASHLAND POWER HOUSE, ROGUE RIVER BASIN

B. RAPIDS ON ROGUE RIVER ABOVE GOLD HILL
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A. DAM AND PUMPING PLANT OF GRANTS PASS IRRIGATION DISTRICT AT SAVAGE RAPIDS, ROGUE RIVER

B. BUTTE CREEK DAM SITE, ROGUE RIVER BASIN
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upstream. The lava tube, or cavern, at this place carries the entire summer 
flow of the Rogue River underground, about 600 cubic feet a second. If sueh a 
tube occurred in the intracany^jn basalt at a low level east of the Lost Creek dam 
site it would probably mean total failure of the Lost Creek reservoir, because its 
great depth below the surface and the probability of other smaller tubes associated 
with it would prevent its being filled with concrete at a cost commensurate with 
the value of the dam site. The width and thickness of the intracanyon basalt 
east of the site are too great to allow interception of the leakage by means of a 
cut-off wall or by grouting; consequently, any dam designed for this site must 
allow for possible leakage.

Although this site is unfavorable geologically, it is worth a detailed investiga 
tion, which should include drilling. It certainly should be included as a feasible 
site in the major program of power development along the Rogue, because as a 
power reservoir it can stand considerable leakage before being considered a failure. 
The time required for the passage of the water underground would help to regu 
late the flow of the river, and the amount of .leakage would probably form only 
a small portion of the total flow of the river and might not exceed the amount of 
water that would of necessity have to be released. The basalt through which 
the water would pass is not soluble, hence there is little danger of the crevices 
enlarging by solution. Most of the seepage would doubtless return to the river 
above McLeod Bridge. It appears that the flow of the Rogue River is suffi 
cient to fill the reservoir, although very little water might pass over the dam 
except in flood time. For this reason any large leakage would probably mean 
that little or no power could be developed either at the dam or by carrying the 
overflow by conduit to the power-house site a mile below the dam.

The capacity at an altitude of 1,620 feet is only 4,000 acre-feet. (See fig. 9.) 
By maintaining this small storage in the reservoir a mean head of 128 feet wfll 
be available at the dam. This head combined with that obtained by a pressure 
pipe a little over a mile long wfll enable a mean head of 153 feet to be used at a 
power house in the SE. # sec. 27, T. 33 S., R. 1 E.

Potential power at undeveloped site 12ED 8 

[Total bead, 195 feet; assumed drawdown, 125 feet]

Natural flow _______________________

Flow (second-feet)

90 per cent 
of time

845 
1,140

50 per cent 
of time

1,400 
1,690

Horsepower

90 per cent 
of time

10,400 
14,000

50 per cent 
of time

17,100 
20,700

The damages incident to the reservoir construction have been considered in 
connection with the Lost Creek reservoir site. No additional damage will be 
caused by the power development as here outlined.

The maximum flood that may be expected at this point will not be very great 
and can be passed over the spillway or around or through the dam, as seems best 
when a detailed design is made.

*

BUTTE CREEK POWER SITE (12RD 9)

The Butte Creek power site is about half a mile below the mouth of Butte Creek, 
in the NE. % sec. 33, T. 33 S., R. 1 E. (See fig. 12 and pi. 19, B.) Conditions 
here are favorable for the construction of a 30-foot dam to raise the water to the
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1,545-foot contour. The dam will be about 380 feet long on the crest and may 
be of an overflow section.

The site is excellent geologically, for the dam  will be founded on dense black 
diabase that appears to be a thick water-tight intrusive dikelike mass. This 
diabase crops out continuously along the line of the dam, even in the river bed. 
On the upstream side of the dike there is about 10 feet of soft, weathered rock, 
and on the downstream side about 2 feet of similar material. These soft rocks

may be the result of local meta- 
morphism due to the intrusion of 
the diabase. In any event it is 
advisable to drill at the site to 
determine whether any of the soft 
material occurs in the line of the 
dam. No difficulty will be expe 
rienced in preventing seepage un 
der or around the dam. The site 
is readily accessible, as the Crater 
Lake Highway runs past one end 
of the dam.

The pond will flood a small 
area of agricultural and meadow 
land. It will also necessitate-the 
relocation of about 1 mile of high 
way and half a mile of secondary 
road and the raising of the Mc- 
Leod Bridge about 15 feet. It 
may be more desirable to aban 
don the old bridge and carry 
the traffic which is headed up 
Butte Creek across the top of the 
dam.

A canal 1.2 miles long con 
structed on the right bank along

2oo 200 Feet
Contour interval 10feet 
Datum /s mean sea /eve/

FIGURE 12. Plan, Butte Creek dam site, Rogue River Basin
the 1,545-foot contour and a pen 

stock 0.2 mile long will connect the dam with the power house in the center of 
sec. 32, T. 33 S., R. 1 E., and make a total head of 65 feet available.

Potential power at undeveloped site 1&RD 9

Natural flow _______________________
Regulated flow ______________ .. _______

Flow (second-feet)

90 per cent 
of time

920 
1,240

60 per cent 
of time

1,660 
1,910

Horsepower

90 per cent 
of time

4,780 
6,450

50 per cent 
of time

8,640 
9,940

If the entire crest length of the dam is used as a spillway, the probable maximum 
flow may be passed with a rise in pond level between 5 and 6 feet.

The Eagle Point Irrigation District diverts about 70 second-feet from Butte 
Creek at Butte Falls. The discharge for 90 per cent of the time at the dam sites 
below has been reduced by this amount. A flume carrying about 2 second-feet 
is used to irrigate a small tract of land a short distance downstream from this site. 
No other diversions from the main stream exist above this point,
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ELK GREEK POWER SITE (12ED 10)

Between the Butte "Creek and Trail Creek sites the fall of the Rogue River 
amounts to 60 feet in 3^ miles. The flow available at the Elk Creek site is the 
same as at the Butte Creek site. Construction of low dams or canals to develop 
the power would be expensive, and this site would be one of the last to be used. 
But the potential power exists, and probably some of it could be developed if a 
market were available. It is assumed that half of the head, or 30 feet, can some 
day be economically used, and the potential power of the site has been calculated 
on that basis.

Potential power at undeveloped site 12RD 10

Natural flow _______________________
Regulated flow ______________________

Flow (second-feet)

90 per cent 
of time

920 
1,240

60 per cent 
of time

1,660 
1,910

Horsepower

90 per cent 
of time

2,210 
2,980

60 per cent 
of time

3,080 
4,580

TRAIL CREEK POWER SITE (12RD 11)

The Trail Creek dam site is about 1.2 miles below the mouth of Trail Creek and 
a short distance above the middle of sec. 10, T. 34 S., R. 1 W. (See fig. 13 and pi. 
20, C.) The proposed 25-foot dam will have an excellent foundation, for massive, 
dense basalt crops out on both banks and in the river bed. Although the basalt 
is considerably jointed, the joints appear to be tight, and no appreciable leakage 
for a dam of this height should occur. The site is readily accessible, as the Crater 
Lake Highway is adjacent to the west end of the dam.

By flooding to an altitude of 1,420 feet a head of 25 feet would be created with 
out appreciable damage either to agricultural land in section 3 or to the highway. 
As the bottom lands are relatively flat,"and as the highway is not very much above 
the pond level in places, it will be necessary to pass the maximum flood without 
any great increase in the water level above the dam. The crest length of the dam 
is 370 feet, and if this entire length were used as a spillway, the rise in pond level 
for the probable maximum flood would be about 8 feet. As it is desirable to 
limit the pond rise to about 5 feet, gates with an aggregate width of 80 feet and a 
depth below the spillway crest of 10 feet must be used to supplement the discharge 
of the overflow section of the spillway. The power house may be constructed at 
either end of the dam.

Potential power at undeveloped site 1&RD 11

Natural flow

Flow (second-feet)

90 per cent 
of time

1,030 
1,400

60 per cent 
of time

1,860 
2,030

Horsepower

90 per cent 
of time

2,060 
2,800

60 per cent 
of time

3,720 
4,060

LONG CREEK POWER SITE (12RD 12)

Between the Trail Creek power site and the Reese Creek site there is a fall of 
115 feet in S% miles, or 13^ feet to the mile. The valley through this section is 
wide and flat, and compared with other sites on the river appears to offer very 
unfavorable conditions for the use of this potential power. But if this site were
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FIGUEE 13. Plan and cross section, Trail Creek dam site, Eogue Eiver Basin
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located in an industrial section of the East or Middle West, it would soon be used, 
so it is possible that in 50 years sites in- Oregon similar to this will be put to use. 
The power will be developed by means of low dams, or low dams and'eanduits. 
On account of unfavorable conditions it is assumed that only half of tfoe head in 
this section can be developed, or 60 feet.

Potential power at undeveloped site 1%RD 12

Kegulatedflow...--  ................................

Flow (seoon<Meet)

80 per cent 
of time

1,030 
1,420

50 per cent 
of time

1,860 
2,030

Horsepower

90 per cent 
of time

4,950 
6,820

60 per cent 
of time

8,930 
9,740

EEESE CREEK POWER SITE (12RD 13)

A very low diversion dam or a wing dam could be built below the mouth of 
Reese Creek near the east line of sec. 17, T. 35 S., R. 1 W., to turn the water into an 
open canal 2.5 miles long,: constructed along the left bank on the 1,280-foot 
contour. A penstock 0.10 mile long would connect the end of this canal with a 
power house in the SW. % sec. 29 of the same township. The total head created 
would be 43 feet. The stream flow at this site has been corrected by deducting 
70 second-feet because of the irrigation diversion from Butte Creek.

Potential'power at undeveloped site 12ED IS

Flow (second-feet)

90 per cent 
of time

1,060 
1,430

50 per cent 
of time

1,900 
2,050

Horsepower

90 percent 
of time

3,610
4,920

50 per cent 
of time

6,540 
7,m

Practically no damage will be caused by this development. The site is readily 
accessible, and no difficulty should be experienced in constructing a canal and 
power house at the location indicated.

UTTIE BUTTE CREEK POWER SITE (12BD 14)

At the Little Butte Creek power site a low diversion dam could be built in the 
SW. % sec. 7, T. 36 S., R. 1 W., to divert water into a ditch at an altitude of 
1,200 feet. Four miles of canal along the left bank would carry the water to the 
SW. % sec. 15, T. 36 S., R. 2 W., where a head of 35 feet would be obtained. 
The canal would probably require lining in places because it approaches so near 
to the river; otherwise this project should be comparatively inexpensive. The 
discharge would be about the same as at Raygold, which is the site next below.

Potential power at undeveloped site 1SRD 14  - .

Flow (second-feet)

Regulated flow ____ . _________________

90 per cent 
of time

1,110
1,650

50 per cent 
of time

2,030
2,070

90 per cent 
of time

3,100
4,620

50 pe? cent 
of time

1 6>680
5,800

Horsepower
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GOID HOI POWER SITE (12BD 16)

The Gold Hill power site can be developed by building a dam 13 feet high in the 
NW. J4 sec. 11, T. 36 S., R. 3 W., to flood to the 1,100-foot contour and by con 
structing an open canal along the 1,100-foot contour on the left bank of the river 
a distance of 2.6 miles, with a penstock half a mile long connecting the end of the 
canal with a power house in the NW.' % sec. 22. A total head of 65 feet would 
be created.

At the^dam site bedrock extends across the river (see pi. 18, B) and a very 
shallow excavation would permit the structure to be securely anchored to the 
rock. No difficulty will be experienced in preventing seepage under or around 
the dam. As the main line of the Southern Pacific Railroad passes one end of 
the dam the delivery of material will be very simple.

Potential power at undeveloped site 12RD 16

Regulated flow ______________________

Flow (second feet)

90 per cent 
of time

1,110 
1,670

50 per cent 
of time

2,190 
2,190

Horsepower

90 per cent 
of time

5,770 
8,690

50 per cent 
of time

11,400 
11,400

Practically no damage will be done to existing or proposed improvements by 
flooding to the 1,100-foot contour. In order, however, that possible damage to the 
railroad right of way, the wagon road, and the agricultural land in sec. 12 may be 
avoided, it seems desirable that the fluctuation in pond level due to high water 
shall be limited to about 10 feet. The crest length of the dam will be 500 feet, 
and the maximum flood to be passed will be much the same as that at Raygold. 
By using gates cut 10 feet below the crest of the dam and having an aggregate 
length of 150 feet and by constructing the remainder of the dam as an overflow 
section, the maximum flood can be passed without raising the pond level more 
than 10 feet.

BOCK POINT POWER SITE (12ED 17)

The Rock Point power site is 2 miles west of the town of Gold Hill and about 
300 feet upstream from Rock Point Bridge. (See pi. 20, B.)

Bedrock is well exposed on both banks and lies at a shallow depth below the 
river bed. A microscopic examination of a specimen from this site made by 
C. S. Ross, of the United States Geological Survey, showed the rock to be pro 
foundly metamorphosed, possibly of the diorite type. This rock will form an 
excellent foundation for the proposed dam, as the joints are fairly tight, arid any 
seepage through them will be slight.

By constructing a 16-foot dam in the NW. % sec. 20, T. 36 S., R. 3 W., to flood 
to an altitude of 1,030 feet, and a canal about 800 feet long on the left bank, a 
total head of 18 feet would be made available. The 2-foot additional head 
obtained by the canal might not ordinarily justify its construction, but directly 
under the bridge the river channel is only about 60 feet wide, and in time of 
high water the constricted opening would probably cause considerable backwater. 
The canal will carry the water past this place and return it to the river where 
the channel is much wider.

The site is readily accessible, as the main line of the Southern Pacific Railroad 
and the highway between Grants Pass and Medford both pass one end of the dam.

The crest length of the proposed dam is 300 feet, and by limiting the rise in 
pond level to 10 feet no damage will be done to existing improvements. The
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banks are of solid rock, and water may be passed over them without danger. 
The river side of the canal between the dam and the bridge should be designed 
as an overflow section in order that it may assist the^ rest of the dam in, passing 
floods. If the main dam is also designed as an overflow section the total spillway 
length will be about 850 feet, and the probable flood flow can be passed with an 
increase in pond level of 9 or 10 feet.

Potential power at undeveloped site IBRD 17

Flow (second-feet)

90 per cent 
of time

1,130 
1,690

50 per cent 
of time

2,210 
2,210

Horsepower

90 per cent 
of time

1,630 
2,430

50 per cept 
of time

3,280 
3,380

AMEKT POWER SITE (12ED 19)

The Ament power site is in the NW. % sec. 23, "T. 36 S., K. 5 W. (See pi. 
20, A.) At this point there are the ruins of an old rock-fill timber-crib dam and 
also a concrete power house and wing wall. At some time in the past a section 
of the dam adjacent to the power house was washed out. The concrete is still 
in good shape, and it appears that the timber portion of the dam could be made 
serviceable with minor repairs. The washed out portion appears to have been 
founded on bedrock, and there is no good reason why it should not have remained 
in place had it been properly anchored. The south end of the dam is founded 
on cemented gravel. This material is fairly stable, but in case of reconstruction 
it should be protected from backwash, as the south bank directly below the dam 
is composed of the same material and is cutting rather badly. By repairing the 
dam a head of 15 feet would be made available.

Potential power at undeveloped site IBRD 19

Regulated flow ______________ .............

Flow (second-feet)

90 per cent 
of time

1,130 
1,670

50 per cent 
of time

2,190
2,190

Horsepower

90 per cent 
of time

1,350 
2,000

60 per cent 
of time

2,630 
2,630

In order that backwater from this site may not cause damage, the pond here 
should not be raised more than 5 feet. If a 200-foot section of the dam adjacent 
to the power house were replaced by a gate section with the gate sills about on 
a level with the rock bottom floods could probably be passed without exceeding 
the 5-foot limit. The opening of the gates would practically wipe out the head 
on the wheels, but the excessive flow would then be confined to the part of the 
stream bed best suited to withstand it, and as the floods are usually of short 
duration the power loss would be small.

Between the tail water of the Ament Dam and backwater from the proposed 
dam at Taylor Creek there is a fall of 100 feet in 18 miles, or about 5)4 feet to 
the mile. This head could be developed by increasing the height of the Taylor 
Creek Dam, but the damages to agricultural land would be too great. Conduits 
also would be too expensive with so slight a fall to the mile. It is possible that 
low dams could be constructed to use part of this head, but such development will 
not take ylace for many yearsj therefore the potential power value of this section
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has been disregarded in this report and in the tabulation showing the power 
value of the Rogue River.

HEII GATE POWER SITE (12ED 20) AND TAT10E CEEEK POWER Sim (13BD SI)

As the Hell Gate and Taylor Creek projects overlap to a considerable extent 
and as only one of the sites can be economically developed they will be considered 
together.

The Hell Gate dam site is in sec. 10, T. 35 S., R. 7 W., at the entrance to a 
narrow, rugged canyon in which the Rogue River flows on its way through the 
Coast Range. (See pi. 14, B.) Massive jointed green rock crops out on both 
abutments and probably lies not more than 30 feet below the surface of the river. 
A specimen from this site was examined under the microscope by C. S. Ross and 
was found to be a profoundly metamorphosed rock containing secondary epidote, 
clinozoisite, and actinolite. The site is excellent because seepage will cause no 
difficulty, and the rock is sufficiently strong to support a 200-foot dam.

The Taylor Creek site is farther downstream, in sec. 10, T. 35 S., R. 7 W. 
(See pis. 12 and 13, B.) Both upstream and downstream from this site the valley 
is wider, owing to the occurrence of soft black schist. The narrows at the spot 
selected for the dam is due to the outcropping of massive rock, which forms rugged 
cliffs on both sides of the stream. This rock is green and megascopically appears 
to be a metamorphosed conglomerate. The alteration has been so complete that 
all signs of the original sedimentary bedding planes have disappeared. This rock 
has a high crushing strength and would form excellent abutments for a dam 200 
feet high. The joints are tight, and only ordinary precautions will be required 
to prevent leakage.

The physical conditions at the two sites are much the same. The sections are 
narrow, the abutments are massive, and the depth to bedrock in the river channel 
is probably not more than 26 to 30 feet. A 200-foot dam could be built at either 
place, and no trouble would be experienced in preventing seepage either around 
or under the dam. The Hell Gate site is slightly more accessible, as it is only 6 
miles from Merlin, the nearest railroad station; the Taylor Creek site is about 
9 miles from the railroad, but as a fairly good highway runs past both sites the 
difference is not great. As a dam at the lower site could be built 29 feet higher 
than one at the upper site with practically no greater damage it seems probable 
that the lower (Taylor Creek) site is preferable.

To flood to the 900-foot contour would require a 153-foot dam at Hell Gate or 
a 182-foot dam at Taylor Creek. The area flooded would be about 10,000 acres 
for either site. The features of the reservoir site have been described on page 62. 
This area lies directly below the town of Grants Pass; practically all the land 
below the 900-foot contour is cultivable and irrigable, and a large part of it is 
now in use for the raising of hops and orchard products. The agricultural value 
of the land is high, and its use for flowage can not be justified.

A dam could be built to raise the water 82 feet, to the 800-foot contour. This 
would flood only 560 acres of land, most of which lies in the narrow bottom of the 
canyon, where its value is low. It is doubtful whether the added power that could 
be produced by a greater head would pay for the additional damages incurred. 
Aside from the slight area of agricultural land flooded by an 82-foot dam the only 
additional damage would be the destruction of about 2 miles of highway and 
possibly two or three houses. The relocation of the highway would involve no 
particular difficulty,
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A. AMENT DAM, ROGUE RIVER ABOVE GRANTS PASS B. ROCK POINT DAM SITE, ROGUE RIVER BASIN

C. TRAIL CREEK DAM SITE, ROGUE RIVER BASIN
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B. ROGUE RIVER 2 MILES ABOVE MULE CREEK

C. SWING BRIDGE DAM SITE, JUST BELOW GRAVE CREEK, ROGUE RIVER
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Potential power at undeveloped site tt&RD £1

Natural flow _______ .. _ ..... __________

Plow (second-feet)

90 per cent 
of time

1,020 
2,400

50 per cent 
of time

2,970 
2,970

Horsepower

90 per cent 
of time

6,700 
16,700

50 per cent 
of time

19,600 
19,500

An overflow-type dam is suggested for this site, and the power house should 
probably be located on the left bank of the river in the cove about 0.1 mile below 
the dam, where it will be somewhat protected from the floods. The crest length 
of the dam wffl be 270 feet, and this length will not increase appreciably as the 
pond rises. An increase of about 30 feet in the level of the water above the dam 
will permit the passage of the probable maximum flood. The added area flooded 
by this rise of pond level will be between 1,100 and 1,200 acres, but as the flood 
will be of short duration and as it is to be expected at infrequent intervals the 
damage will be low. .

A drawdown of 10 feet at this site would provide 5,000 acre-feet of stored 
water, which could be used through an average head of 78 feet at this site and a 
total head of 663 feet including sites lower down. On the assumption that there 
would be no drawdown at the lower sites and that the period of drawdown at 
this site would average three months, the net gain at all sites would amount to 
1,600,000 kilowatt-hours if there were no regulation of the flow above this site 
and to less than 1,000,000 kilowatt-hours if all proposed reservoirs above were 
constructed. If the sites lower down on the river were not developed it would 
not pay to draw down the head for any considerable period, as the loss of power 
due to loss of head would soon equal the power obtained from the stored water.

SWING BRIDGE POWEK SITE (12BD 22)

A dam at the Swing Bridge site, in the NE. % sec. 2, T. 34 S., B. 8 W., just 
below Grave Creek, would flood to an altitude of 700 feet and create a head of 
107 feet. (See pi. 21, C.)

A fine-grained green rock of igneous origin containing nodules 3 to § inches in 
diameter crops out a& rocky ledges and cliffs on both abutments, A specimen of 
one of these nodules was determined under the microscope by C. S. Boss to be a 
greatly altered volcanic rock containing much epidote, with the feldspar pheno- 
crysts almost completely broken down into a secondary aggregate but remaining 
fairly firm and coherent. Such a rock, although considerably altered, makes an 
excellent foundation for any dam of practicable height. Slight leakage may occur 
through the joints in the rock unless a small amount of cement grouting is done, 
but grouting is not absolutely necessary, for the seepage will not increase with 
time. The abutments are exposed, and the depth, to bedrock in the channel is 
probably not over 20 feet.

The pond formed will be long and narrow and will flood no valuable lands. 
The only damage incident .to development will be the inundation of about 0.7 
mile of highway, 3 miles of trail, and a few houses. ;-,       

To make the site readily accessible it would be necessary to build about 5 miles 
of highway connecting the dam with the highway already constructed as far as 
Almeda; or a road might be built down Grave Creek from the railroad station at 
Leland to the dam site, a distance of possibly 9 miles.
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Potential power at undeveloped site WRD %%

Natural flow _______________________

Flow (second-feet)

90 per cent 
of time

1,030 
2,410

60 per cent 
of time

3,130 
3,130

Horsepower

90 per cent 
of time

8,800 
20,600

50 per cent 
of time

26,800 
26,800

The crest length of the dam, which should probably be of an overflow section, 
is about 600 feet. A rise in pond level of about 20 feet would enable the probable 
maximum flood to be passed if the entire crest were used as a spillway. In order, 
however, that the power house, which will be set into the bank directly below the 
dam, may not be injured by the extreme flow, some gates should be provided to 
throw the greater portion of the water to the opposite side of the river.

A drawdown of 40 feet at this site would make available 15,500 acre-feet of 
stored water, which could be used through an average head of about 90 feet at 
this site and a total head of 568 feet including sites lower down. Assuming that 
there would be no drawdown except at this site and that th^ period of drawdown 
would be three months, the net gain from drawing down the pond level would 
amount to 3,600,000 kilowatt-hours at all sites, without storage above; but if all 
the proposed storage sites were developed the loss of power due to loss of head 
would equal the total gain from the use of stored water and it would not pay to 
draw down the head. If the site were developed as a single unit with no storage 
above, it would not pay to draw down the head except for short periods.

HORSESHOE BEND POWER SITE (12RD 23)

By constructing a rock-filled dam at Horseshoe Bend, in the SW.J4 sec. 23 and 
the NW.K sec. 26, T. 33 S., E. 9 W., to flood to the 580-foot contour, a head of 128 
feet would be created.

The site selected for the dam is at a horseshoe bend where the river flows around 
a narrow low ridge of blue quartzite. (See fig. 14 and pi. 21, A.) The two abut 
ments are cliffs of the quartzite, which crops out continuously across the low-stage 
channel, except near the end of the ridge, where it may be 30 feet below the water 
surface. The quartzite is shot through with quartz veins, and on the east abut 
ment there is a quartz vein about 6 feet wide that forms a low short hogback. 
Metamorphism has nearly obliterated the bedding planes that formerly existed 
in the sediments. The rock is strong; no difficulty should be experienced with 
seepage under or around the dam.

A slight excavation would expose the abutments, and the depth to bedrock in 
the river channel is probably not more than 25 feet. A concrete dam might be 
as economical as the rock-fill type suggested, but owing to the presence of rock 
suitable for a dam and the comparative inaccessibility of the site, a rock-fill dam 
appears preferable, especially as the low point in the promontory around which 
the river flows can be used as a natural spillway.

Aside from the flooding of a short length of trail no damage will be done by 
this development.
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FIGUBE 14. Flan, cross section, and area and capacity curves, Horseshoe Bend power site, Rogue Eiver
Basin
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Potential power at undeveloped site 1%RD £8

Emulated flow ______________________

Flow (second-feet)

90 per cent 
of time

1,060 
2,440

60 per cent 
of time

3,200
a, 200

Horsepower

90 per cent 
of time

10,800 
25,000

60 per cent 
of time

32,800 
32,800

It is possible to construct a spillway 450 feet long in the saddle of the promon 
tory. By cutting down the high part of the ridge to an altitude of 570 leet and 
building up the low part to the same height and installing gates in,this section 
the maximum probable flood can be passed without exceeding a 15-foot rise in 
pond level. The bank down which the water will be run is composed of massive 
rock with few faults and probably will require no protection. If plucking takes 
place, however, the bad spots can readily be repaired with cement. By drawing 
down the head 30 feet 10,000 acre-feet of stored water would be obtained. This 
could be used through a head of 115 feet at this site and a total head of 465 feet 
if all proposed sites below were developed. On the assumption that there would 
be no drawdown at sites lower down and that the period of drawdown would 
be three months, the net gain from drawing down the pond level would be less 
than 1,000,000 kilowatt-hours. If all proposed reservoirs above were developed, 
or if the sites below were not developed, it would not pay to draw down the head 
at this site except for short periods.

To prevent any danger of overflow the crest of the dam should be raised to an 
altitude of 600 feet. The power house may be built on the flat rock bench im 
mediately below the dam, but it should be at a height sufficient to prevent damage 
due to backwater, which may rise as much as 45 feet above normal low water.

STAIRS CREEK POWER SITE (12RD 24)

The Stairs Creek dam site is in the SE. # sec. 17, T. 33 S., R. 10 W., in a rugged 
canyon carved out of massive diorite, an ancient igneous intrusion. (See fig. 15 
and pis. 21, B, 23, and 25, B.) In places the diorite contains quartz veins and a 
few joints. The diorite is exposed without soil cover on both abutments, but 
bedrock in the river at this site may lie as much as 40 feet below the surface of 
the river. It is an admirable site for a dam, both because of the strength of the 
rock, its freshness at the surface, and the absence of many joints. By construct 
ing a dam at this point to flood to an altitude of 440 feet a head of 150 feet will 
be created. The land to be flooded all lies in the bottom of a narrow canyon 
and is practically worthless. Aside from the flooding of about 3 miles of trail 
and several shacks no actual damage would be done.

Potential power at undeveloped site 12ED 24

Flow (second-feet)

90 per cent 
of time

1,100 
2,480

50 per cent 
of time

3,250 
3,250

Horsepower

90 per cent 
of time

13,200 
29,800

50 per cent 
of time

29,000 
39,000
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As the crest length of the dam will be only about 320 feet, considerable diffi 
culty will be experienced in passing, the expected floods. By constructing the 
headrace canal along the left bank and designing the outer wall as an overflow 
section the effective spillway length may be increased to about 450 feet. If the 
central 200 feet of the dam is constructed as a gate section with the gate sills 20
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FIGURE 15. -Plan, cross section, and area capacity corves, Stairs Creek power 
site, Rogue River Basin

feet below the crest of the remainder of the dam the flood can be passed with an 
increase in pond level of about 13 feet. The power house can be built on the 
left side of the river on the bench that lies 250 feet below the dam. To prevent 
possible damage by scour the structure should be placed near the rear of the 
bench, and a substantial waU should be constructed between it and the spillway.
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Backwater conditions during heavy floods will be severe, and a rise of 40 to 50 
feet in the normal tail-water level may be expected. This rise may be somewhat 
decreased by improving the channel farther downstream, but as the duration of 
the flood is normally short it is doubtful whether added expense would be jus 
tified.

The site is extremely inaccessible, and though it would be possible to con 
struct a railroad from Leland down Grave Creek and the Rogue River, the cost 
would be almost prohibitive. A much more economical method, provided the 
site at Copper Canyon is first developed, would be to ship material by the con 
struction railroad which must be built to develop that site and then load it into 

 barges which would carry it on slack water a distance of about 21 miles, practi 
cally to the Stairs Creek dam site.

By drawing down the head of this site 40 feet 22,000 acre-feet of stored water 
could be obtained. This could be used through a head of 130 feet at this site 
and through a total head of 330 feet at this site and Copper Canyon. With no 
drawdown at Copper Canyon and drawdown at this site during a period of three 
months, the net gain from drawing down the pond level would be about 1,250,000 
kilowatt-hours. If Copper Canyon were not developed or if- the storage reser 
voirs above were built it would not pay to draw down the head at this site except 
for short periods.

COPPER CANTON POWER SITE (I2RD 25)

The Copper Canyon dam site is in the SW. M sec. 11, T. 35 S., R. 12 W. (See 
pis. 22 and 25, A.) By constructing a dam at this place to flood to the 270-foot 
contour a head of 200 feet will be created. The depth to bedrock in the river 
channel is probably less than 30 feet below mean low water.

The dam site is formed by a dike of dense diabase half a mile wide that strikes 
north, at right angles to the river. The diabase is minutely jointed, owing to 
the severe stresses it has undergone in the past periods of folding in this area, 
but it is neither vesicular nor cavernous, and seepage will be insignificant. As 
the dike rises from great depths and cuts across the grain of the sedimentary 
beds that lie upstream from the site, no leakage will occur from the reservoir. 
The dike is somewhat weathered, but a 5-foot excavation should yield fresh rock. 
The geology and type of rock make this site almost ideal for any dam of practicable 
height. The crest of the dam will be 550 feet long, and the maximum probable 
flood can be passed over an overflow dam with a rise in pond level of about 27 
feet. In order that the backwater shall not affect too much the Stairs Creek 
site above it is desirable that the flood be passed with a rise of about 10 feet. 
This can be accomplished by constructing a gate section 400 feet long in the dam 
and setting the gate sills 20 feet below the crest of the spillway.

A good site for the power house is in the little cove on the left bank of the river 
about 300 feet below the dam. Here it will be somewhat sheltered from the 
flood flow, and as the canyon widens rapidly below the cove the backwater 
should not be troublesome.

Copper Canyon is slightly more than 20 miles from the Pacific Ocean and the 
construction of a railroad for this distance involves no particular difficulty. 
This railroad will render the site readily accessible, and a portion of its cost may 
be assessed against the Stairs Creek dam, farther upstream, as it can also be used 
to transport materials for that site. By drawing down the head 70 feet 207,000 
acre-feet of stored water would be obtained, which could be used through a head 
of 168 feet. If the period of drawdown were four months and if none of the 
storage sites above were developed, the net gain from the use of the stored wa^er 
would be 16,000,000 kilowatt-hours,
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The damage due to the development of this site would be the flooding of 400 
acres of good agricultural land, of about 20 miles of trail, of the settlements of 
Agness and Illahe (see pi. 24, A), and of a few isolated shacks and farms. 
The amount to be paid for damages will be but a small proportion of the total 
cost of construction. The surface area of the pond created will be about 3,900 
acres, most of which lies in the bottom of a narrow canyon or on the steep hillsides. 
The slack water of the pond will extend about 21 miles up the Rogue River and 
13 miles up the Illinois River.

Potential power at undeveloped site 12RD 25

Flow (second-feet)

90 per cent 
of time

1,220
4,850

60 per cent 
of time

5,150 
5, L50

Horsepower

90 per cent 
of time

19,500 
77,600

60 per cent 
of time

82,400 
82,400

SOUTH FORK POWER SITE (12RD 27)

Water for the South Fork power project will be diverted from the South Fork 
of the Rogue River.just above the boundary of the Cascade National Forest, 
at an altitude of about 3,300 feet. Half a mile of conduit and a mile of tunnel 
will lead to a power-house site on the Middle Fork, where a head of 660 feet can 
be obtained. This head might be increased by diverting higher up on the South 
Fork, provided the discharge does not decrease rapidly upstream. Records of 
run-off on the South Fork near the proposed point of diversion are available for 
1925 to 1928. The water from this plant together with the flow of the Middle 
Fork would be carried by conduit to a point above the dam of the Prospect 
plant, the flow of Mill, Bar, and Red Blanket Creeks being diverted into the 
same conduit.

The natural Q90 flow at this site is about 65 second-feet and the Q50 flow 170 
second-feet; 3,430 horsepower could be developed for 90 per cent of the time 
and 8,980 horsepower for 50 per cent of the time.

RANCHEBIA POWER SITE (12RD 28)

. By diverting the waters of Willow Creek and Rancheria Creek at the forks 
and carrying the water along the left bank of Butte Creek on the 2,540-foot 
contour to Butte Falls a head of 200 feet can be obtained. The flow available 
is practically the same as at the gaging station at Butte Falls. By constructing 
a canal along the same contour from the North Fork of Butte Creek to Butte 
Falls the flow would be increased by about 37 second-feet for 90 per cent of the 
time. This diversion from the North Fork would allow the water from that 
creek to be used for irrigation by the Eagle Irrigation District and for power 
in the plants proposed on its canals. About 5 miles of conduit of 120 second-feet 
capacity would be required from Rancheria Creek and about 2 miles of canal 
of about 50 second-feet capacity would be required from the North Fork of 
Butte Creek. A logging road follows Butte Creek above Butte Falls.

The natural Q90 flow at this site is 133 second-feet and the Q50 flow 160 
second-feet; 2,130 horsepower could be developed for 90 per cent of the time and 
2,560 horsepower for 50 per cent of the time. 

31558° 32  7



92 CONTRIBUTIONS TO HYDROLOGY OF UNITED STATES, 1931

McNEIl CREEK POWER SITE (12RD 30)

The McNeil Creek power site is on the canal of the Eagle Point Irrigation 
District. A plant could be built at the McNeil Creek siphon in the E. % sec. 
36, T. 34 S., R. 1 E., to operate under a head of 330 feet; or by putting in a pres 
sure pipe from the canal to Butte Creek in sec. 30, T. 34 S., R. 2 E., a head of 
440 feet could be obtained. Both these sites could be operated only during the 
nonirrigation season. During the irrigation season the water could be used for 
power at two drops, one of 60 feet and one of 300 feet. The low flow on Butte 
Creek comes in August, September, and October, and this is also true of the 
Rogue River. The irrigation demand in these months is not very heavy, and 
it might pay to build the plant in sec. 30 on Butte Creek because of the extra 
100 feet of head during the low-water season. This extra head would increase 
the minimum potential power by about 1,000 horsepower, provided the North 
Fork of Butte Creek is diverted into Butte Creek above the point of diversion 
of the Eagle Point Irrigation District. The canal for this purpose would be 
about 2 miles long an4 would increase the low flow by about 37 second-feet. 
With a head of 440 feet this would add 1,300 horsepower to the capacity of the 
site. The capacity of the site as given below is based on the assumption of 
three plants, one of 60-foot head and one of 300-foot head to be used during the 
irrigation season and one of 330-foot head to be used during the nonirrigation 
season and to take the excess flow during the irrigation season.

The natural Q90 flow at this site is 133 second-feet and the.QSO flow 160 second- 
feet; 3,830 horsepower could be developed for 90 per cent of the time (head 360 
feet) and 4,220 horsepower for 50 per cent of the time (head 330 feet).

KERBY POWER SITE (12RD 34)

A power plant is proposed to be located on the Illinois River just below the 
Kerby Dam, in sec. 29, T. 38 S., R. 8 W. The Kerby Reservoir and its alterna 
tive dam sites have been described on pages 64-65. (See fig. 11 and pis. 14, A, 
15, A, and 16, A.) As it would be necessary for the turbines to operate under 
a variable head, this plant would not be as efficient as the others, but the assumed 
efficiency of 70 per cent would probably cover the loss of power due to the varia 
tion. It has been assumed that the dam would be located at the lower or 
Josephine Creek site. If the dam were built at the upper 'Kerby site the dam 
at Fall Creek would be raised 20 feet to use the additional head. The maximum 
power available at Kerby would be 22,000 horsepower, which would come in 
July, during the beginning of very low water. The head available would vary 
from 180 to 55 feet, with 5 feet fall between the tail water at Kerby and the head 
water from Fall Creek. The maximum altitude of the head water would be 1,360 
feet, altitude of the tail water, 1,180 feet.

The potential power available at this site when operated primarily for storage 
for sites below, is as follows:

Potential power at undeveloped site IBRD 84 

[Normal year]

Flow (second-feet)

90 per cent 
of time

38 
0

50 per cent 
of time

860 
1,070

Horsepower

90 per cent 
of time

523 
0

50 per cent 
of time

11,700 
6,500
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A. ROGUE RIVER BELOW THE MOUTH OF STAIRS 
CREEK

JB. MULE CREEK CANYON, ROGUE RIVER, THREE-QUARTERS OF A MILE ABOVE
STAIRS CREEK
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A. AGRICULTURAL LAND IN ROGUE RIVER VALLEY NEAR ILLAHE

B. ILLINOIS RIVER AT FALL CREEK DAM SITE
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A. COPPER CANYON DAM SITE, ROGUE RIVER BASIN

B. ROGUE RIVER FROM TROUT CREEK
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The above table would seem to indicate more power without than with 
regulation, but with regulation the period during which no power would be 
available would come during January, when the flow at Kerby would be entirely 
cutoff and the entire load carried by plants below; on the other hand, with regula 
tion the maximum amount of power would come during the low-water period, 
July to September, when the stored water would be released.

Contour interval lOfeet 
Datum is mean sea level

500 Feet
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FIGUBE 16. Plan, cross section, and area and capacity curves, Fall Creek power site, Rogne River
Basin

FAIL CREEK POWER SITE (12RD 35)

The dam for the Fall Creek project would be located just above the falls at 
mile 39.7, in sec. 33, T. 37 S., R. 9 W. (See fig. 16 and pi. 24, B.)

In the vicinity of this site there is a complex of igneous and metamorphic rocks. 
The falls themselves seem to have resulted from differential erosion of diabase 
and serpentine. Upstream from the diabase there is a series of fine and coarse 
conglomerates greatly metamorphosed. The dark igneous rock that crops out 
at the dam site was determined by C. S. Ross to be a porphyritic andesite. In
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the conglomerate overlying this andesite there are cobbles of vesicular lava which 
suggest that the rock at the dam site is a surface flow and not an intrusive body. 
If so, it has been tilted and metamorphosed at the same time as the near-by 
conglomerates, and the whole mass has been changed into a compact, imper 
meable metamorphic series with only traces of the original character left. Joints 
are few. Bedrock occurs in the river bed and on both sides, so that no difficulties 
should be encountered in preventing seepage or in building the dam to the desired 
height.

The height proposed for the dam is 175 or 195 feet, depending on which dam site 
is used for the Kerby Reservoir. It has been assumed in calculating the storage 
and power capacity that a dam to raise the water surface 175 feet will be erected 
at Fall Creek. A tunnel 1.1 miles long with about 1,200 feet of pipe line would 
add 75 feet to the head, giving a total head of 250 feet. The dam would be a 
nonoverflow concrete structure with a spillway tunnel about 900 feet long across 
the bend. The altitude of head water would vary between 1,175 and 1,135 feet; 
altitude of tail water, 925 feet. With the assumed drawdown of 40 feet a storage 
capacity of 20,000 acre-feet would be made available. The power plant would 
be operated in connection with the other power plants on the river; the potential 
power is shown in the following table:

Potential power at undeveloped site 12RD 85 

[Normal year]

Flow (second-feet)

90 per cent 
of time

60 
1,300

50 per cent 
of time

1,330 
1,570

Horsepower

90 per cent 
of time

1,200 
25,000

50 per cent 
of time

26,600 
27,000

Rock for concrete for the dam would be available near the site, and sand could 
be obtained by crushing. Cement would be hauled part way by railroad and 
the last 30 miles by truck. Damage from the construction of this plant would 
be negligible, as most of the land is public land.

CLEAR CEEEE POWER SITE (12RB 36)

The dam for the Clear Creek project would be built above the mouth of the 
creek at mile 30, which when the area is surveyed will probably be found to be 
in sec. 2, T. 37 S., R. 10 W. The site is in the rugged canyon of the Illinois River, 
which is carved out of ancient intrusive rocks. There are excellent exposures of 
rock t»n both sides of the river, and a specimen examined by C. S. Ross was deter 
mined to be very fresh diorite. It is a dark-blue rock resembling granite in fts 
crystalline character and will afford an ideal foundation because of its great 
strength and impermeability. No difficulty should be experienced in building a 
dam of the desired height.

The height proposed is 190 feet, which would back the water to a point within 
5 feet of the level of tail-water at the Fall Creek site. Half a mile of tunnel would 
add 30 feet to the head, the power house being located at mile 28.8. An additional 
20 feet of head would be added by half a mile of pipe line, or this head could be 
developed by adding 20 feet to the height of the dam at Bald Mountain. This 
additional height of 20 feet at Bald Mountain would afford 8,900 acre-feet of 
pondage, which probably would be of considerable advantage, and it has therefore 
been assumed that this head will be developed at Bald Mountain. The total
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head at the Clear Creek site would be 220 feet. The altitude of head water at 
this site would vary between 920 and 880 feet and the altitude of tail water 
would be 700 feet. The storage capacity for 40-foot drawdown would be 16,500 
acre-feet. The estimated flow at this site for a normal year is given in Table 10. 
The potential power when this site is operated in connection with other plants on 
the river would be as shown in the following table:

Potential power at undeveloped site 12RD 36 

[Normal year]

Regulated flow ______________________

Flow (second-feet)

90 per cent 
of time

80 
1,750

50 per cent 
of time

1,800 
2,010

Horsepower

90 per cent 
of time

1,400 
30,600

50 per cent 
of time

31,700 
33,300

It would be necessary to build about 10 miles of highway or 40 miles of railroad 
to reach this site, which is 10 miles below Fall Creek. The only construction 
material available at the site is rock which could be crushed to furnish sand. The 
lands that would be flooded by this project are on steep hillsides, practically all 
publicly owned.

BALD MOUNTAIN POWER SITE (12RD 37)

The dam for the Bald Mountain project would be located at mile 21.2, at an 
altitude of 525 feet, where the river starts its bend around Bald Mountain. When 
the land is surveyed this site will probably be in sec. 26, T. 36 S., R. 1J W.

The geology of this site was not studied because of the difficulty of reaching it, 
but a traverse made along the trail to Agness indicates that the site is probably 
satisfactory. About 5 miles upstream from the site the trail turns away from the 
river and'makes a steep ascent to the top of Bald Mountain. The first outcrops 
of sandstone observed in the entire traverse made from the Falls Creek site were 
along the trail, about 2,500 feet above the river. The sandstone is altered, 
almost to a quartzite. Near the top of Bald Mountain there are a couple of small 
seeps, the water being brought to the surface by some shale beds that underlie 
the sandstone. From the top of the mountain the trail goes down a steep canyon 
wall by means of switchbacks. Along this trail were found chips of sandstone, 
and at Silver Creek a diabase dike is intruded into conglomerate, probably of 
Cretaceous age. Thus in the entire traverse nothing was found to suggest that 
the structure of the Bald Mountain dam site was anything but good.

The canyon of the river is narrow, and a small amount "of surface stripping would 
probably expose good rock foundations. An overflow dam 170 feet high is 
proposed. This would back water within 5 feet of tail water of the Clear Creek 
plant. A tunnel 2.8 miles long under Bald Mountain would add an additional 
head of 255 feet, if the fall below an altitude of 270 feet were utilized in a plant at 
Copper Canyon, on the Rogue River. An additional head of 65 feet can be 
obtained with about the same length of tunnel provided the Copper Canyon dan» 
is built to a lower height.

The head between the proposed Bald Mountain site and the backwater from 
the Copper Canyon site on the Rogue River could be developed by dams instead 
of by a tunnel, and a dam site was surveyed at mile 12.3, a short distance below 
Collier Creek. (See fig. 17.) This site may be taken as typical of this part of the 
Illinois River, as there are many good sites between it and the Bald Mountain 
site. An example of the use of a tunnel rather than a dam is afforded by a con-
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structed plant in Georgia, where a tunnel 5,600 feet long was built to obtain a head 
of 100 feet. On the basis of the head per mile obtained by this tunnel, the tunnel 
under Bald Mountain could be 2.8 miles long if the Copper Canyon dam is built 
to the full height. The average continuous output at this constructed plant is 
less than 5,000 horsepower, compared with an average estimated output at the 
Bald Mountain site of 14,000 horsepower for each 100 feet of head.

No agricultural land would be flooded by this project, and practically the whole 
area is publicly owned. Head water at this site would fluctuate between an 
altitude of 695 and 655 feet, and the tail water would be at 270 feet. The storage 
capacity afforded by a drawdown of 40 feet would be 15,000 acre-feet.

Soo BOO Feet

Contour interval lOfeet 
Datum is mean sea level

FIGURE 17.  Plan, Collier Bar dam site, Rogue River Basin

In calculating the power at Bald Mountain it is assumed that the Copper Can 
yon dam would be built to the full height, or to an altitude of 270 feet.

Potential power at undeveloped site 12RD 87 

[Normal year]

Natural flow ________________ . _____ ..

Flow (second-feet)

90 per cent 
of time

85 
1,770

60 per cent 
of time

1,910 
2,290

Horsepower

90 per cent 
of time

2,900 
60,300

50 per cent 
of time

65,000 
78, 00*)
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MARKET

The location of each of the developed and undeveloped power sites 
in the Rogue River Basin is shown on the general map of the area 
(pi. 3) and the small-scale profile (pi. 4).

By constructing a trunk transmission line along the river all the 
sites can readily be linked into one unified system. The power output 
of this system will be so large that only a very small percentage of it 
can be absorbed in the immediate vicinity unless industries requiring 
large blocks of power locate near by. The electrification of the rail 
roads in the basin would provide an outlet for a considerable block of 
power, but this would be only a small part of the power that can be 
obtained. Sites on the Illinois River and the lower Rogue River are 
close to the coast, where raw material could be brought by water. 
As an example, bauxite for the production of aluminum could readily 
be brought from South America to some port near the mouth of the 
Rogue River for treatment. This industry and other electrometal- 
lurgical processes requiring cheap power may soon be forced to the 
Pacific Northwest for a location. Such industries offer probably a 
more immediate market for the power available on the Rogue River 
than the public utilities of Portland or San Francisco, but if the 
power is not developed for industrial use in the vicinity there seems 
little question that it will be developed for public utilities in the not 
very distant future.

The power consumption of the United States doubles every eight 
or ten years. In the period from 1921 to 1928 the developed water 
power in California increased from 1,149,000 to 2,227,000 horsepower 
and in Oregon from 185,000 to 289,000 horsepower. Already most 
of the cheaper water-power sites in California are developed. It is 
conceivable, therefore, that power from sites on the Rogue River can 
be sold in California before many years elapse. San Francisco is 350 
miles distant. Power from the Rogue River could be used in northern 
California, releasing power from plants in that region for use in San 
Francisco. Portland and cities in the Willamette Valley also will 
require more power, but there are large sites on the Columbia River 
that can be developed to supply this market, and these will compete 
with sites on the Rogue River as economical sources of' power for 
metallurgical and similar industries. At present the most probable 
use for power from the Rogue River is in some manufacturing process 
requiring large amounts of cheap power or for public utilities in 
northern California.





OUTLINE OF METHODS FOR ESTIMATING GROUND-WATER
SUPPLIES 1

By OSCAR EDWARD MEINZER

INTRODUCTION

The most urgent problems in ground-water hydrology at present 
are those relating to the rate at which the rock formations will supply 
water to wells in specified areas not during a day, a month, or a 
year but perennially. The permeable rock formations may be regarded 
as underground reservoirs or as underground conduits. Some water 
bearing formations function chiefly as reservoirs, others chiefly as 
conduits, but all of them have some of the properties, of both. In 
attempting to solve the quantitative problems above mentioned these 
two functions of rock formations must be recognized and differenti 
ated. .Quantitative methods based on the reservoir conception are 
applicable chiefly, though not exclusively, to formations or parts of 
formations that have water tables; methods based on the conduit 
conception are applicable most largely to artesian formations, in 
which the water moves laterally considerable distances from the 
intake to the discharge area.

ROCK FORMATIONS AS RESERVOIRS 

GENEItAL CONDITIONS

The natural reservoirs formed by rock formations generally have 
very great capacity compared with that of ordinary artificial sur 
face reservoirs, just as most other natural features are of huge size in 
contrast to the works of man. However, if the water derived from 
them is taken chiefly out of storage without being replaced the sup 
ply will eventually fail.

. The " safe yield " of an underground reservoir, or the practicable 
rate of withdrawing water from it perennially for human use, may 
be estimated by methods that are comparable to those used in esti 
mating the safe yield of a surface reservoir, although different in

iThe substance of this paper was presented Dec. 29, 1928, at a meeting of the Society 
of Economic Geologists in New York City, and mimeographed copies of the paper 
in abbreviated form had been sent to the members prior to the meeting. The paper has 
been revised and enlarged for the present poblication.

99



100 CONTBIBTTTIOKS TO HYDROLOGY OP TTKITED STATES, 1931

technique. It is necessary to measure the rate of inflow (intake 
methods) or the rate of discharge (discharge methods), or else these 
rates must be estimated by determining changes in storage (water- 
table or storage methods) . 2 In many areas the most effective method 
of studying the ground-water supply is the inventory method, in 
which all available methods are used to make periodic inventories 
of the entire water supply of the area, from its entrance into the 
area as precipitation, stream flow, or underground percolation to 
its exit as evaporation, transpiration, run-off, or underground 
leakage.

The work of Charles H. Lee s in Owens Valley, Calif., in 1908 to 
1911, is of outstanding importance in the history of quantitative 
methods in ground-water work, because he devised an entire system 
of quantitative methods and applied them in orderly fashion to 
obtain an average value for each element of intake into and dis 
charge out of the underground reservoir. The term " inventory 
method " is more accurately applied, however, to investigations in 
which a detailed accounting of the several elements of intake, stor 
age, and discharge is attempted for each of successive months, years, 
or other units of time during the entire period of observations. 
Thus, in the investigation in the Pomperaug Basin, Conn.,4 an at 
tempt was made to organize the available data in a monthly inven 
tory of the water supply during a period of three years.

METHODS FOE, ESTIMATING INTAKE FROM SURFACE STREAMS

The principal intake method consists of establishing gaging sta 
tions on influent streams and determining the quantities of water 
lost between successive stations. The quantity of water that reaches 
the water table consists of this loss minus the loss by evaporation 
and transpiration either directly from the stream or from soil mois 
ture supplied by the stream. The method has been used in many 
ground-water investigations in the present century, notably in Cali 
fornia, Arizona, New Mexico, Nevada, Utah, Colorado, and Idaho. 
The earliest measurements of seepage losses from streams and 
canals were made chiefly to ascertain the losses of surface water  
for example, the investigation by Grunsky,5 in 1882, of losses from

s Meinzer, O. E., Quantitative methods of estimating ground-water supplies: Geol. Soc. 
America Bull., vol. 31, pp. 329-538, 1920.

3 Lee, C. H., An intensive study of the water resources of a part of Owens Valley, 
Calif.: TI. S. Geol. Survey Water-Supply Paper 294, 1912; The determination of safe 
yield of underground reservoirs of the closed-basin type: Am. Soc. Civil Eng. Trans., 
vol. 78, pp. 148-251, 1915.

4 Meinzer, O. E., and Stearns, N. D., A study of ground water in the Pomperaug Basin, 
Conn., with special reference to intake and discharge: U. S. Geol. Survey Water-Supply 
Paper 597, pp. 73-146, 1928.

5 Grunsky, C. E., Irrigation near Presno, Calif.: U. S. Geol. Survey Water-Supply Paper 
18, pp. 71-79, 1898.



METHODS FOE ESTIMATING GROUND-WATER SUPPLIES 101

irrigation canals in the vicinity of Fresno, Calif. Later, however, 
in several investigations, seepage losses have been determined chiefly 
for the purpose of| estimating the amount of ground-water recharge. 
Notable among the early ground-water investigations in which the 
seepage method was used are those of Clapp 6 and Mendenhall r in 
southern California, Smith in Arizona,8 and Lee in Owens Valley. 
One of the most intensive studies of this method was made by 
Bailey 9 in his work on ground-water recharge in the Niles cone, 
California, by seepage from Alameda Creek. Bailey undertook not 
only to determine the recharge by years or other long periods, but 
also to determine the daily recharge, which required accurate data 
on changes in channel storage with changes in gage heights. He 
also investigated the relation of rate of recharge to the temperature 
of the water and to the duration of high stages of the river. Ulti 
mately he developed curves to show the relation of rate of seepage 
to rate of stream flow and produced an empirical formula by which 
the recharge in any day can be computed from the records of stream 
flow and" temperature. Intensive use of the seepage method has 
recently been made by Conkling 10 in the drainage basin of the San 
Gabriel River, and by Post" in the drainage basin of the Santa Ana 
River, both in California.

The seepage method gives the most reliable results for streams 
with relatively constant flow and heavy losses in proportion to the 
total flow. It is generally not applicable in times of flood, when 
the measurements of flow are relatively inaccurate and the per 
centage of loss is small. It is not applicable or only difficultly appli 
cable to perennial streams in which the loss is small in comparison 
to the total flow, because with such streams small percentage errors 
in the measurements of the flow may produce large percentage errors 
in the computed seepage losses.

The seepage method is not very applicable for determining re 
charge from intermittent and ephemeral streams and is wholly inap 
plicable for determining recharge directly from rain or melting

e Clapp, W. B., in Hoyt, J. C., Report of progress of stream measurements for the 
calendar year 1903, pt. 4, Interior Basin, Pacific, and Hudson Bay drainage: U. S. Geol. 
Survey Water-Supply Paper 100, pp. 339-356, 1904.

7 Mendenhall, W. C., The hydrology of San Bernardino Valley, Calif.: U. S. Geol. 
Survey Water-Supply Paper 142, pp. 50, 51, 1905; Ground waters and irrigation enter 
prises in the foothill belt, southern California: U. S. Geol. Survey Water-Supply Paper 
219, pp. 28, 29, 1908.

8 Smith, G. E. P., Ground-water supply and irrigation in the Rillito Valley: Arizona 
Univ. Agr. Exper. Sta. Bull. 64, pp. 118, 119, Tncson, 1910.

8 Bailey, Paul, Engineering Investigation of percolation from Alameda Creek and ground- 
water studies on Niles cone: California State Water Comm. Third Bienn. Kept., pp. 95- 
131, 1921.

M Conkling, Harold, San Gabriel Investigation: California Dept. Pub. Works Div. 
Water Rights Bull. 5, pp. 52-72, 1927.

11 Post, W. S., Santa Ana investigation, flood control and conservation: California, 
Dept. Pub. Works Diy. Eng. aad Irr. BulL 19, pp. 165-179, 1929.
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snow. In humid regions almost no streams except the ephemeral 
ones are influent, and therefore this method obviously has little 
application. The method as applied to ephemeral streams presents 
two difficulties the storm run-off is too flashy to be measured accu 
rately, and a considerable part of the surface water lost by seepage 
may be held by molecular attraction in the soil and subsoil and 
therefore may not reach the water table but may ultimately be 
returned to the atmosphere.

Studies have recently been made by White 12 of recharge from 
the flow of the Mimbres River, an intermittent stream in New Mexico, 
which generally flows about 20 to 36 hours after a torrential 
summer rain. The flow from some of the rainstorms was all lost 
within the stretch of the river that crosses the intake area, and the 
loss could be determined by measuring the flow at the upper end 
of this stretch. In the heaviest storms, however, the flow persisted 
beyond the intake area, and measurements were made at convenient 
intervals within this stretch to determine the approximate loss. 
Borings were made in the bed of the river before and after the 
storms, and the moisture content of samples obtained from these 
borings was determined in order to ascertain how much of the 
seepage water was held by the sand of the river bed.

METHODS FOE, ESTIMATING INTAKE DIRECTLY FROM RAIN AND
MELTING SNOW

Many attempts have been made to measure directly the percola 
tion from the surface to the water table. Mariotte, in the seventeenth 
century, observed the percolation of rain water into the cellar of 
the Paris Observatory. Measurements of percolation have been 
made with lysimeters, or vessels to catch the downward percolating 
water, by several European 13 and American 1* investigators, and 
some very long records have been obtained in England. The first 
tests mentioned by Veatch were made by Dalton in Manchester, 
England, from 1796 to 1798, and by Maurice in Geneva, Switzerland, 
in 1796 and 1797. The longest record, that of Dickinson and Evans, 
in Hempel Hempstead, in England, extended over at least 49 years, 
from 1835 to 1884, and the records of Lawes and Gilbert and those 
of Greaves extended over 32 and 22 years, respectively. Many of

12 White, W. N., Preliminary report on the ground-water supply of Mimbres Valley, 
N. Mex.: U. S. Geol. Survey Water-Supply Paper 637, pp. 77-80, 1931. (Released in 
manuscript form in 1929.)

13 Veatch, A. C., Fluctuations of the water level in wells: TJ. S. Geol. Survey Water- 
Supply Paper 155, pp. 32-34, 44-49, 1906. This paper summarizes the work that had 
been done with lysimeters in England and on the continent of Europe.

u Bark, D. H., Duty of water investigations, experiments, and results: Idaho State 
Engineer Ninth Bienn. Eept. (1911-12), pp. 302-309; Experiments on the economical use 
of irrigation water in Idaho: U. S. Dept. Agr. Bull. 339, pp. 37-39, 1916. Other Ameri 
can experiments could be cited.
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the lysimeter tests have been made with disturbed materials and 
under other artificial conditions, which may have produced results 
very different from those that would be found under natural condi 
tions. Moreover, even if tests are made under natural conditions, 
the fundamental difficulty will still be encountered that downward 
percolation is irregularly distributed, and it is difficult or impossible 
to find a place for the test that is even approximately representative 
of average conditions. An extensive area may have little or no 
recharge, but at a few places water may be pouring into the zone 
of saturation in large volumes.

Tests recently made by H. F. Blaney and C. A. Taylor 15 near 
Ontario, Calif., indicate that water percolating downward through 
unsaturated material tends to follow the surface of the constituent 
grains and hence to move around any vessel that is placed under 
ground to catch it. If the material extends downward into the 
vessel, the percolating water will accumulate in the capillary open 
ings of the material in the vessel and can be detected by laboratory 
determination of the increase in moisture content of that material. 
However, unless the material lies within the vessel to a height exceed 
ing the capillary range, no free gravity water may appear in the 
vessel even though recharge is occurring.

The earliest attempts to determine the rate of ground-water 
recharge were doubtless based on measurements of the quantities of 
water that fall as rain or snow. This was the method of Mariotte,16 
who attempted a quantitative study of the water supply of the 
drainage basin of the Seine River by making crude measurements 
of the water that fell as rain on the basin and of the water dis 
charged by the river. By means of these measurements he disproved 
the ancient assumption that the rainfall is inadequate in amount 
to supply the water discharged by the springs. In the years that 
have elapsed since Mariotte's work the most common method of 
estimating ground-water recharge has probably been to determine 
approximately the quantity of water that annually falls as rain or 
snow on a given area and apply to this quantity the percentage that 
is assumed to reach the zone of saturation. This method is of little 
value, however, except to give an idea of the maximum possibilities, 
unless there is a reliable basis for the percentage that is assumed. 
Commonly the assumed percentage and therefore also the computed 
recharge are much too large.

15 Unpublished data. Since this paper was sent to press the following paper describing 
these methods has been published: Taylor, G. H., Investigations relating to the absorp 
tion of precipitation and its penetration to the zone of saturation: Am. Geophysical 
Union Trans. 12th meeting, pp. 206-211, 1931.

18 Mariotte, Edme', TraitSs du mouyements des eaux et des autres corps fluides, 1686.
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Attempts have been made to compute the recharge in an intake 
area by deducting the run-off and the evaporation (including trans 
piration) from the precipitation, but the results have generally 
been unreliable, especially because of uncertainty as to the amount 
of evaporation and transpiration. The method is inapplicable 
where the recharge is relatively so small that a moderate percentage 
error in precipitation, run-off, or evaporation may produce a large 
percentage error in the computed recharge. It apparently gave use 
ful results as applied by McCombs 1T and Kunesh 18 in estimating the 
ground-water supply of the island of Oahu, where fairly accurate 
data are available as to precipitation and run-off and where the 
intake facilities are so good that a large proportion of the precipita 
tion seeps into the rocks and percolates to the water table. The 
weakest element in the Oahu computations was the estimate of 
evaporation, for which reliable data-were not available. To over 
come this weakness, tests of soil evaporation and transpiration are 
now being made.

Recently a detailed study has been made with this method by 
Blaney 19 in certain intake areas in southern California. From the 
quantity of water produced by each rain during the winter rainy 
season were deducted the carefully estimated quantities of run-off 
produced by the rain and of soil evaporation and transpiration dur 
ing the subsequent period of fair weather. Borings and tests of 
soil moisture proved that the remaining water was stored in the soil 
to satisfy the deficiency of soil moisture in the root zone. After 
this deficiency had been completely supplied and the soil moisture 
had been brought up to the specific retention, or quantity of water 
that the soil can hold by molecular attraction against the pull of 
gravity, any remaining surplus was assumed to percolate downward 
beyond the reach of plant roots and ultimately to reach the water 
table. If an impermeable bed intervened between the root zone 
and the water table, the downward percolating water would neces 
sarily form a body of perched ground water above the imperme 
able bed.

The method of following the movements of water in the soil by 
making periodic borings with soil augers and determining the 
moisture content of soil samples obtained from different depths has 
been extensively used in connection with agricultural investigations 
and less frequently to determine the ground-water recharge. Re-

17 McCombs, John, Methods of estimating safe yield of Honolulu artesian area: Hono 
lulu Sewer and Water Comm. Kept, 1927, pp. 55-61.

18 Kunesh, J. F., Surface, spring, and tunnel water investigations: Honolulu Sewer and 
Water Comm. Kept., 1929, pp. 85-92.

18 Blaney, H. F., Disposal of rainfall, in Post, W. S., op. cit. (Santa Ana investigation), 
pp. 152-157.
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eently, however, earnest attempts have been made to use this method 
in ground-water investigations in California by Sonderegger,20 by 
Blaney and C. A. Taylor, and by Stearns, Robinson, and G. H. 
Taylor.21 In the latest work by G. H. Taylor the moisture equiva 
lent, or amount of moisture retained by the soil in a centrifuge, 
was taken as a rough measure of the specific retention in computing 
deficiencies in the belt of soil moisture, or " root zone."

METHODS FOB, ESTIMATING DISCHARGE BY OVERFLOW

An underground reservoir, like a surface reservoir, may lose water 
by overflow, evaporation, diversion, and underground leakage. The 
overflow of an .underground reservoir may appear in definite springs 
or in general seepage that contributes to the flow of the surface 
streams. If it appears in a few large and definite springs the 
ground-water discharge can be determined by measuring the flow of 
these springs. If the springs are relatively constant it may be 
sufficient to make occasional measurements with current meter, weir, 
or other device; if they are relatively variable it may be necessary 
to establish gaging stations in order to obtain records of daily or 
continuous rate of flow. An excellent example of an extensive 
survey made largely by the first method is that by Crandall 22 and 
others of the very large and relatively constant springs that issue 
from the lava rocks into the Snake River, in Idaho. Examples of 
the second method are afforded.by gaging stations, some of them 
with automatic water-stage recorders, maintained by the United 
States Geological Survey on several of the springs of first magni 
tude in Missouri and Texas that issue from limestone and have great 
fluctuations.23

If the overflow of the underground reservoir appears in many 
small, widely scattered springs or in general seepage its quantity 
may be estimated by establishing gaging stations on the effluent 
streams to measure the total run-off and then differentiating between 
the two components of the total the direct run-off and the ground- 
water run-off. This differentiation can best be made by studying

20 Sonderegger, A. L., Water supply from rainfall on valley floors: Am. Soc. Civil Bng. 
Proc., vol. 55, pp. 1144-1150, 1929. Since this paper was sent to press-the following 
paper relating to this subject has been published: Blaney, H. F., Taylor, C. A., and 
Young, A. A., Rainfall penetration and consumptive use of water in Santa Ana River 
valley and coastal plain: California Div. Water Resources Bull. 33, 1931.

21 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of 
the Mokelumne area, California: U. S. Geol. Survey Water-Supply Paper 619, pp. 174, 
175, 1930; also more recent report released in manuscript form (on file in public library, 
Lodi, Calif.).

28 Crandall, Lynn, The springs of Snake River Canyon: Idaho Irr. Bng. and Agr. 
Societies Joint Conf., 1918 and 1919, Proc., pp. 146-150. See also Meinzer, O. E., Large 
springs in the United States: U. S. Geol. Survey Water-Supply Paper 557, pp. 42-47, 1927.

33 Meinzer, O. E., op. cit, pp. 17-41.
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small representative drainage basins rather than by gaging the 
trunk stream of a large drainage basin, because the large basin is 
likely to have more frequent rainfall in some parts of its area and a 
longer and less definite period for complete delivery of the direct 
run-off.

In a study by the United States Geological Survey of the drainage 
basin of the Pomperaug Kiver, in Connecticut, which has an area 
of 89 square miles, a gaging station was established near the mouth 
of the river. It was determined, from considerations of channel 
storage, velocity of the water, and rate of movement of flood crests, 
that the direct run-off is nearly all delivered from the basin within 
a week of the time the water falls as rain, and that therefore the 
stream flow a week or more after the latest rain is virtually all 
derived from ground water. A hydrograph was constructed of the 
total run-off for the years covered by the investigation, 1913 to 1916. 
and a hydrograph of the ground-water run-off was then made which 
coincided with that for total run-off in the periods of prolonged fair 
weather and was interpolated between these periods. The ground- 
water run-off was computed from this hydrograph.24 This general 
method was earlier used in the flood-control investigation of the 
drainage basin of the Miami River, in Ohio, by Houk,25 who pre 
pared a hydrograph of the ground-water run-off of the Mad Kiver 
for the period 1915 to 1919 by connecting the low points of the 
hydrograph for total run-off.

The method can be improved by obtaining gage-height records at 
enough points in the drainage system to permit an estimate of the 
channel storage of the system on each day. The daily ground-water 
run-off can then be computed as soon after a rain as the storm water 
has reached the streams. For any day with a falling stage after the 
storm water has reached the streams, the ground-water run-off will 
be the total run-off minus the decrease in channel storage. The 
decrease in channel storage can be estimated by maintaining gages 
at several points on the trunk stream and on selected tributaries and 
making surveys of the stream system showing the approximate 
water areas of different parts of the system at different gage heights. 
Calculations show that in a drainage basin which is not larger than 
the Pomperaug the total quantity of water stored in the stream sys 
tem at any time is rather small compared with the rate of discharge, 
and hence that errors in the measurement of decrease in storage will 
introduce relatively small errors in the estimates of ground-water 
run-off. The proposed method would have the advantage that the

24 Meinzer, O. E., and Stearns, N. D., A study of ground water in the Pomperaug Basin, 
Conn., with special reference to intake and discharge: U. S. Geol. Survey Water-Supply 
Paper 597, pp. 107-116, pi. 19, 1929.

85 Houfe, I. E., Rainfall and run-off in Miami Valley, State of Ohio: Miami Conservancy 
Dist. Tech. Eepts., pt. 8, 1921.
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record would cover a much larger part of each period between rains 
and that the entire process would be one of observation and measure 
ment with less of the arbitrary feature of the present method. It 
would not be necessary to make current-meter measurements to de 
velop rating curves at the subsidiary stations, as only change in 
storage, indicated by change in gage height, would be involved.

METHODS FOB, ESTIMATING DISCHARGE BY EVAPORATION FROM 
SOIL AND TRANSPIRATION FROM PLANTS

Where the water table is near the surface the underground reser 
voir loses water by evaporation from the soil and by transpira 
tion from plants. In some arid regions all or nearly all the ground 
water is disposed of in this way, and little or no water remains to be 
discharged through springs and seeps. In humid regions, however, 
the ground-water recharge is greater, and more soil moisture is 
supplied directly by the rains and melting snow, with the result 
that evaporation from the soil and transpiration from plants make 
less heavy demands on the ground water. For these reasons in hu 
mid regions there is generally an excess of ground-water discharge 
over the consumption by soil evaporation and transpiration, and this 
excess feeds the streams and maintains their flow during dry seasons.

Tests of the rate of discharge of ground water by capillary rise 
from the zone of saturation and subsequent evaporation from the 
soil were made by Slichter 26 in 1905, Lee 2T in 1910 and 1911, 
Sleight 28 in 1916, and other investigators more recently. In the 
Escalante Valley investigation, by White,29 records were obtained 
of evaporation from columns of undisturbed soil for comparison 
with evaporation from similar columns of soil that was dug up and 
artificially packed into tanks. The rate depends on the evaporativity 
of the atmosphere, the depth to the water table, and the texture of the 
soil, which controls both the height and the rate of capillary rise. 
The standard method of estimating the quantity of ground water lost 
by soil evaporation is to map the discharge area with reference to 
specified depths to the water table for different seasons, and to de 
termine by means of tank experiments the rate of discharge for each 
range of depth. The problem is likely to be complicated by diversity 
in the texture of the soil, which may require a soil map of the dis 
charge area and tank experiments for soils of different types.

26 Slichter, C. S., The underflow in Arkansas Valley in western Kansas: U. S. Geol. 
Survey Water-Supply Paper 153, pp. 43, 44, 1906.

27 Lee, C. H., An intensive study of the water resources of a part of Owens Valley, 
Calif.: U. S. Geol. Survey Water-Supply Paper 294, pp. 57, 119, pi. 15, 1912.

28 Sleight, E. B., Evaporation from the surfaces of water and river-bed materials: 
Jour. Agr. Research, vol. 10, pp. 209-261, 1917.

29 White, W. N., A method of estimating ground-water supplies based on discharge of 
plants and evaporation from soil; results of investigations in Escalante Valley, Utah 
(released in manuscript form in 1930).
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Not much work has yet been done to establish the relations of 
the rate of soil evaporation to the factors that determine the rate. 
In most tank experiments data are obtained as to the atmospheric 
conditions and the depth to the water table, which give some basis 
for generalizations as to the variations of soil evaporation with 
variations in these factors. Generally records are also obtained of 
the rate of evaporation from a free water surface, so that the data 
as to soil evaporation can be expressed in terms of evaporation 
opportunity, or ratio of soil evaporation to evaporation from a free 
water surface. In the experiments by Sleight mechanical analyses 
were made of five soils used in the evaporation tests, and these analy 
ses gave a basis for determining the evaporation opportunity for 
different sizes of grain with each of several depths to the water 
table. It is desirable that in future tank experiments tests be made 
of the mechanical composition, porosity, permeability, and capillary 
range of the soils used.

The rate at which soil discharge occurs may be controlled either 
by the rate at which the water can be lifted by capillarity to the 
level at which it is evaporated or by the rate at which it can be 
evaporated. The rate at which water is lifted through the soil from 
the water table to the point at which it is evaporated depends chiefly 
on the permeability of the soil, the height the water is lifted, and 
the capillary head or difference between the potential and actual 
capillary lift. In other words, the law of capillary rise is essen 
tially Darcy's law of flow, in which the energy is furnished by 
capillary attraction instead of by hydrostatic head. Therefore, if 
the water table is very near the surface and the soil is very per 
meable the rate of discharge is determined by the possible rate 
of evaporation; but if the water table is at greater depth and the 
soil is less permeable the limiting factor may be the possible rate 
of capillary rise. Further investigation of the processes involved 
in soil discharge and of the controllng laws should help to make 
the field methods more applicable and exact.

As a rule, vegetal discharge, which is effected by transpiration, is 
greater than soil discharge and occurs over wider areas, because the 
roots of certain plants lift water much higher than it is lifted by the 
capillary interstices of the soil. In arid regions nearly all the vege 
tal discharge of ground water is accomplished by plants of a few 
dominant and well-recognized species.80 To determine the quantity 
of ground water discharged by the ground-water plants in any par 
ticular area it is necessary to make a map of the area showing, so 
far as may be practicable, the distribution, density, and growth of

a'Meinzer, O. B., Plants as indicators of ground water: U. S. Geol. Survey Water- 
Supply Paper 577, p. 1, 1927.
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the principal species, and to determine the rate at which they dkr 
charge water. H<>les should also be dug to investigate the root 
habits of different Sspecies of plants and to determine to what depths 
their roots extend to reach the capillary fringe and feed on water 
from the zone of saturation.

Maps showing areas of ground-water discharge and the distribu 
tion of dominant species of ground-water plants have been made for 
several1 western valleys investigated by the Geological Survey for 
example, the Independence district of Owens Valley, Calif.,31 Sul 
phur Springs Valley, Ariz.,32 Big Smoky Valley, Nev.,33 Steptoe 
Valley, Nev,,3* and parts of Escalante Valley, Utah.85 Information 
that will be helpful in the construction of such maps is given in 
several of the United States Geological Survey water-supply papers.36

The rate of vegetal discharge has generally been determined by 
means of tanks in which the different species are grown with measured 
quantities of water and in some investigations with different depths 
to the water table. In Lee's investigations in Owens Valley the dis 
charge of salt-grass areas was investigated by means of tank experi 
ments in which natural conditions were reproduced as nearly as 
practicable. Since the work by Lee was done tank experiments have 
been made in connection with several ground-water investigations. 
In the recent investigation by White in the Escalante Valley records 
of discharge were obtained from soil tanks in which water tables 
were maintained and salt grass, alfalfa, and greasewood were grown. 
Comparative data were obtained on tanks with undisturbed salt-grass 
sod and on tanks which were filled and planted in the ordinary way. 
The method was also introduced of obtaining the dry weight of 
vegetable matter produced in the tank experiments and determining 
the ratio of weight of water consumed to weight of dry matter pro 
duced. This ratio was then applied to data on dry matter naturally 
produced in order to compute the natural discharge of ground water. 
The method of determining vegetal discharge from daily fluctuations 
of the water table is described on pages 116-119.

In humid regions the problems of both vegetal and soil 'discharge 
of ground water are complicated by the soil moisture that is derived

81 Lee, C. H., An intensive study of the water resources of a part of Owens Valley, 
Calif.: TJ. S. Geol. Survey Water-Supply Paper 294, pi. 25, 1912.

82 Meinzer,. O. B., and Kelton, F. C., Geology and water resources of Sulphur Spring 
Valley, Ariz.: U. S. Geol. Survey Water-Supply Paper 320, pis. 1, 2, 1913.

83 Meinzer, O. B., Geology and water resources of Big Smoky, Clayton, and Alkali 
Spring Valleys, Nev.: U. S. Geol. Survey Water-Supply Paper 423, pi. 2, 1917.

34 Clark, W. O., and Riddell, C. W., Exploratory drilling for water and use of ground 
water for irrigation in Steptoe Valley, Nev.: U. S. Geol. Survey Water-Supply Paper 
467, pi. 2, 1920.

* White, W. N., op. cit., pi. 1 (map by W. N. White and Depue Falck).
86 See especially Water-Supply Paper 423, pp. 92 102, and Water-Supply Paper 577, 

already cited. .
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directly from rain and snow. The problem of vegetal discharge is 
further complicated by the breaking down of the distinction between 
ground-water plants and plants that do not depend on ground water. 
No definite method has been developed for humid regions, but there 
are several possible lines of attack. More or less exact information 
on the extent of vegetal discharge of ground water in humid regions 
can be obtained from observations on the depth to the water table, 
the distribution of vegetation of different types, the relation of the 
root systems to the water table and overlying capillary fringe, and 
the amount of soil moisture and changes in soil moisture at different 
depths, especially in periods of drought. E. D. Burchard, district 
engineer in the Geological Survey, found from the record of an 
automatic water-stage recorder that the flow of a small stream in 
North Carolina had considerable daily fluctuations in the very dry 
month of July, 1926. These fluctuations were apparently caused by 
differences in the rate of evaporation in different parts of the 24-hour 
period, chiefly in vegetal and soil discharge of ground water, and 
they suggest a possible method for humid regions. It is likely, how 
ever, that such a method would give less than actual quantities. In 
the Pomperaug investigation some consideration was given to a 
possible method based on a ground-water rating curve (see p. 119), 
but the method actually used was merely to compute the ground- 
water evaporation as the difference between ground-water recharge 
and ground-water run-off. 37

STORAGE METHODS IN GENERAL

If a capacity table or curve has been developed for a surface reser 
voir, a gage showing the changes in its water level will indicate for 
any period the net increase or decrease in storage. When the water 
level is rising it will register the excess in rate of recharge over rate 
of discharge, and vice versa. If it is known that there is no dis 
charge in a certain period the record of rise will show the total rate 
of recharge during that period.

Because of the frictional resistance of water-bearing materials to 
the flow of the water from the intake to the discharge area of an 
underground reservoir the water table is almost nowhere a level sur 
face, such as the water surface of an ordinary reservoir. There 
fore, when this storage method is applied to underground reservoirs 
the depths to the water level in numerous wells are measured every 
week or month, or at other more or less frequent intervals, and con 
tinuous records are generally obtained on a few representative wells 
by means of automatic water-stage recorders. Levels are usually run

37 Meinzer, O. E., and Stearns, N. D., A study of ground water in the Pompererag 
Basin, Conn.: U. S. Geol. Survey Water-Supply Paper 597, pp. 138-139, 143, 1929.
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to the observation wells, and a series of contour maps of. the water 
table at successive dates are constructed. From these maps or from 
the base data it is possible to compute the volume of water-bearing 
material that became saturated or drained in a given period.

In order to evaluate these results in terms of water instead of 
water-bearing material it is necessary to apply a, factor generally 
known as the specific yield. This factor represents the interstitial 
space that is emptied when the water table declines, expressed as a 
percentage of the total volume of material that is unwatered. The 
same factor generally represents the space that is occupied by water 
going into storage when the water table rises. If, however, the ma 
terial into which the water rises has been further desiccated by soil 
evaporation or vegetal discharge the amount of recharge is greater 
for each unit of rise.

The water level in a well is sensitive to every force that acts 
upon the body of water with which the well communicates. Hence, 
in most wells the water level fluctuates almost constantly, often in 
a complicated manner. The curve produced by an automatic water- 
stage recorder over a well gives an accurate record of the resultant 
of the forces that act upon the ground water. A well that extends 
only slightly below the water table generally records faithfully 
both recharge and discharge, but great care must be taken in apply 
ing this method to use only wells in which the water level is a con 
tinuation of the water table and not the upper surface of a column 
of water that is supported by artesian pressure in the water-bearing 
formation and that therefore fluctuates as a result of atmospheric 
or other changes in pressure. Even in .a true water-table well 
there may be fluctuations produced by changes in temperature 
which affect capillarity, by confinement of air in the interstices of 
the overlying zone of aeration by rain or frozen ground, or by other 
causes that have nothing to do with recharge or discharge.

In summer, when the vegetation makes heavy demands on the 
soil moisture, most rainstorms do not contribute at all to the supply 
of ground water and hence do not affect the water levels in wells. 
But in unusually heavy and prolonged storms or series of storms 
water may penetrate to the water table and the water levels may 
rise, or at least their rate of decline may be diminished.88 Like 
wise recharge from stream flow or irrigation produces a rise in the 
water levels.89

In most regions of the United States recharge of the underground 
reservoirs occurs chiefly in the winter or in late autumn or early 
spring, when there is not much evaporation from the soil and little

""Meinzer, O.! B., and Stearns, N. D., op. cit., pi. 19.
"Smith, G. E. P., Ground-water supply and irrigation to the Rillito Valley: Arizona 

Univ. Agr. Exper. Sta. Bull. 64, pp. 176-186, 1910.
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or no transpiration from plants to consume the water that falls as 
rain or is produced by the melting of snow. Hence in most regions 
the water table is usually at its lowest stage in the autumn and at 
its highest stage in the spring. In very cold regions, however, the 
ground is likely to be frozen continuously during a long period in 
the winter, and the lowest stage may occur just before the ground 
thaws out in the spring. In arid regions such as New Mexico, in 
which the principal rainy season occurs in the summer, the annual 
recharge may be relatively small, but there may be a rise in the 
water table either in the summer or in the winter. In regions 
such as California, in which the rainy season is in the winter, 
nearly all the recharge may occur during this season of relatively 
small discharge. In such regions the increase in storage from the 
lowest stage in autumn to the highest stage in spring may represent 
approximately the annual recharge. In irrigated districts recharge 
may, of course, occur during the irrigation season.

The report by Smith 40 on the Killito Valley, Ariz., includes a map 
on which are shown two sets of 5-foot contours of the water table   
one set for the position of the water table on November 1, 1906, at 
the end of a dry season, and the other for its position on February 1, 
1907, after the beginning of the spring flood season. It also contains 
a cross section of the valley on which are shown the profiles of the 
water table on successive dates in 1906 and 1907.' From the rise in 
the water table shown in these illustrations and an assumed effective 
porosity, or specific yield, rough calculations were made of the 
recharge from the Rillito River iii the flood season and of the prob 
able supply of ground water annually available for irrigation. This 
method was applied more definitely and in more detail by Clark 41 
in the Santa Clara Valley, Calif., from 1912 to 1920, and by Lee 42 
in San Diego County, Calif., in 1914 and 1915. In both of these 
investigations numerous measurements were made of water levels in 
wells, data were obtained for estimating the specific yield, maps 
were prepared showing the contours of the water table at different 
dates, and computations were made of the seasonal increase in stor 
age represented by the rise in the water table. More recently the 
same method has been used in making computations of net semi 
annual additions of water to or removals of water from the under-

40 Smith, G. B. P., Ground-water supply and irrigation in the Rillito Valley: Arizona 
Univ. Agr. Exper. Sta. Bull. 64, pp. 194, 195, figs. 55, 56, 1910.

a Clark, W. O., Ground-water resources of the Niles cone and adjacent areas, Calif.: 
U. S. Geol. Survey Water-Supply Paper 345, pp. 149-162, pi. 10, 1915; Ground water for 
irrigation in the Morgan Hill area, Calif.: U. S. Geol. Survey Water-Supply Paper 400, 
pp. 66-68, 76-105, pis. 6, 7, 1917; Ground water in Santa Clara Valley, Calif.: U. & 
Geol. Survey Water-Supply Paper 519, pp. 58-75, 129-183, pis. 10-19, 1924.

^ESlis, A. J., and Lee, C. H., Geology and ground waters of the western part of San 
Diego County, Calif.: U, S, Geol. Survey Water-Supply Paper 446, pp. 121-155, pis. 
20-25, 1919.
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ground reservoir of the Mokelumne River area in California.48 For 
this purpose monthly or semiannual measurements were made of the 
water levels in about 500 observation wells. On account of uncer 
tainties as to the specific yield and as to pressure effects in observa 
tion wells there may be large percentage errors in the computed 
recharge in all these investigations, and in the present stage of 
development of this method it is impossible even to state what may 
be the limits of error.

SPECIFIC YIELD IN EELATIOMT TO STORAGE METHODS

Perhaps the greatest difficulty in the application of quantitative 
methods lies in the variability in the texture and hence in the 
hydrologic properties of the water-bearing materials. The hydro- 
logic properties vary greatly, even with apparently slight differences 
in texture. Hence the ordinary geologic descriptions are quite 
inadequate for hydrologic purposes, and quantitative descriptions 
based on laboratory determinations have become essential. How 
ever, the hard rocks that yield their water largely from joints or 
crevices are not amenable to laboratory tests, and the incoherent 
materials are difficult to handle without disturbing and repacking, 
which may considerably change their texture and hydrologic 
properties.

The two hydrologic properties of greatest significance are specific 
yield and permeability. Mechanical analyses and determinations of 
porosity and moisture equivalent are useful chiefly as indirect means 
of determining these two essential hydrologic properties. Any 
quantitative method that does not involve either of these properties 
has a great advantage in avoiding the complications that result 
from the heterogeneity of the water-bearing materials. Most stor 
age methods involve the perplexing problem of specific yield.

Seven more or less distinct methods have been used to determine 
specific yield, but none of them have been thoroughly developed. 
These methods 44 are as follows: (1) Saturating samples in the 
laboratory and allowing them to drain; (2) saturating in the field 
a considerable body of material situated above the water table and 
above the capillary fringe and allowing it to drain downward 
naturally; (3) collecting samples immediately above the capillary 
fringe after the water table has gone down an appreciable distance, 
as it commonly does in summer and autumn; (4) ascertaining the

43 Steams, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of 
the Mokelumne area, California: U. S. Geol. Survey Water-Supply Paper 619, pp. 112-172, 
185-188, 292-398, pis. 6-8, 13, 1930; also later report released in manuscript form (on 
file in public library, Lodi, Calif.).

**Meinzer, O. E., The occurrence of ground water in the United States, with a dis 
cussion of principles: TJ. S. Geol. Survey Water-Supply Paper 489, pp. 67-70, 1923.
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volume of sediments drained by heavy pumping, a record being kept 
of the quantity of water that is pumped; (5) ascertaining the volume 
of sediments saturated by a measured amount of seepage from one or 
more streams; (6) making indirect determinations in the laboratory 
with small samples by the application of centrifugal force; and (7) 
making mechanical analyses and determinations of porosity and 
estimating therefrom the specific retention and the specific yield. ,

The laboratory saturation and drainage method consists of drain 
ing high columns of saturated materials by gravity and determining 
both the volume of material drained and the volume of water 
yielded. The volume of water yielded can be measured directly or 
can be computed from the porosity and the moisture content after 
draining. The columns must be high enough to avoid the vitiating 
effects of the capillary fringe, and care must be taken to prevent 
loss by evaporation. As molecular forces vary with the temperature 
of the water, the tests must be made at a uniform temperature, or 
corrections for temperature must be applied. As drainage continues 
for a long time at a diminishing rate, the specific yield should be 
determined for specified periods of draining. If the material is fine, 
appreciable drainage may occur during a period of several weeks.

This method was used by Hazen 45 and by King.46 In both sets ©f 
experiments the yield of successive segments of the different columns 
of water-bearing materials was determined by deducting the moisture 
content after drainage from the porosity, but in the King experiments 
the volume of water drained from each column was also measured at 
appropriate intervals of time.47

Much careful work has been done on this method by White 48 in 
1925-1927, and by Taylor 49 since 1927. In White's work the follow 
ing procedure was followed: A pit was dug and in the bottom a heavy 
metal cylinder, 36 or 42 inches high and 18 inches in diameter, was 
driven vertically into the water-bearing material within a few inches 
of the water table. The earth around the cylinder was then removed, 
and a metal plate was shoved under the cylinder and soldered to 
it, thus confining the column of undisturbed material in a water-tight 
vessel. Small wells were then sunk in the material in the cylinder,

48 Hazen, Alien, Experiments upon the purification of sewage and water at the Law 
rence experiment station: Massachusetts Board of Health Twenty-third Ann. Kept., 
pp. 428-434, 1892.

** King, F. H., Principles and conditions of the movements of ground water: U. S. 
Geol. Survey Nineteenth Ann. Kept., pt. 2, pp. 86-91, 1899.

*7 Meinzer, O. E., The occurrence of ground water in the United States, with a discus 
sion of principles: U. S. Geol. Survey Water-Supply Paper 489, pp. 53-57, 1923. This 
paper gives a concise presentation and discussion of the Hazen and King experiments.

M White, W. N., Note in regard to Investigation in the Escalante Desert, Utah: U. S. 
Geol. Survey Water-Resources Bulletin, March 10, 1927 (mimeographed reprint).

49 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of 
the Mokelumne area, California: U. S. Geol. Survey Water-Supply Paper 619, pp. 151- 
172, 1930.
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and the effects on the water levels in these wells produced by adding 
or withdrawing measured quantities of water were observed. From 
these data the specific yield was computed. This work was done in 
the autumn, when the water table was at its lowest stage; hence the 
tests were made on the material through which the water table fluctu 
ates and which is therefore subjected to alternate draining and 
resaturation.

In the work by Taylor the general method developed by Whit3 
was employed, but improvements were made in the technique, and 
extensive tests were made to determine the effects of changes in 
temperature and the periods required in different materials to reach 
approximate capillary equilibrium.

The method of field saturation and drainage is similar in principle 
to the laboratory method. A plot of land is selected where the water 
table and capillary fringe are at sufficient depth below the surface. 
The material underlying the plot is thoroughly wetted by applying 
water at the surface and is then allowed to drain, care being taken 
to avoid much evaporation. After a sufficient period of draining 
samples are taken for determination of moisture content and porosity, 
and the specific yield is computed as the difference between these two. 
This method has been used by Israelsen 50 and other students of soil 
water. If the specific yield of material below the soil that is more 
representative of the water-bearing material is desired, it is neces 
sary to apply enough water to wet this deeper material and to obtain 
samples from it. In some situations it might be advantageous to dig 
pits to the material to be tested.

In the direct sampling method samples are obtained by boring 
into the material immediately above the capillary fringe after the 
water table has declined appreciably, .and the moisture content and 
porosity of the samples are determined. This is essentially the 
method used by Lee 51 in, San Diego County, Calif. The essential 
feature in this method is to take a sample where the water table has 
gone down, as it generally does during the dry summer season in 
California. For the most conclusive results the sample should be 
taken from a point which in the preceding wet season was below the 
water table and which at the time of taking the sample is far enough 
above the water table not to be seriously affected by the capillary 
fringe. Where the fluctuation of the water table is less than the 
thickness of the capillary fringe the most significant samples are those 
taken just above the fringe. As in practice this position can not be 
very definitely determined it is advisable to take samples at several

60 Israelsen, O. W., Studies in capacities of soils for irrigation water: Jour. AgE. 
Research, vol. 13, pp. *-28, April 1, 1918.

51 Ellis, A. J., and Lee, C. H., Geology and ground waters of the western part of San 
Diego County, Calif,: U, S. Geol. Survey Water-Supply Paper 446, pp. 121-123, 1919.
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levels^ as was done by Lee. In making tests of this kind it is essential 
to ascertain that the part of the deposit from which the sample is 
taken has not received any recent contribution of water from rain or 
irrigation and has not been exposed to evaporation or to absorption 
by plants, both of which consume water that is retained against grav 
ity by molecular attraction.

The pumping method consists in observing the lowering of the 
water table and hence the volume of sediments drained by pumping a 
measured volume of water. The specific yield is, of course, the ratio 
of the volume of water pumped to the volume of material drained. 
Serious errors may be introduced by pumped water returning to the 
water table and by other percolation into or out of that part of the 
underground reservoir which is supplying the pumped water. This 
method was used by Clark 52 with records obtained in the Morgan 
Hill area, California, and is more or less applicable to other areas 
having water-table conditions and heavy seasonal pumpage.

The recharge method, which is the converse of the pumping method, 
consists of observations on the seepage losses from streams or canals 
and on the resultant rise of the water table, from which is computed 
the volume of material saturated. It is, of course, merely the stor 
age method of determining recharge, with the specific yield instead 
of the quantity of water as the unknown factor.

The moisture-equivalent and mechanical-analysis methods are based 
on investigations by Briggs, Veihmeyer, and others 53 on the relations 
between the moisture equivalent or mechanical composition of the 
water-bearing materials, on one hand, and the specific retention, on 
the other hand. The specific yield is computed as the difference 
between porosity and specific retention as determined by one of these 
indirect methods. Both of these methods are valuable, at least in 
giving a general check on the results from other methods, and they 
deserve further investigation.

METHODS FOR ESTIMATING DISCHARGE FROM DAILY 
FLUCTUATIONS OF THE WATER TABLE

In most localities in which plants draw water from the zone of satu 
ration there are daily fluctuations of the water table ranging from a 
small fraction of an inch to several inches. To obtain curves of these 
daily fluctuations the most sensitive water-stage recorders are used.

53 Clark, W. O., Ground water for irrigation in the Morgan Hill area, Calif.: IT. S. 
Geol. Survey Water-Supply Paper 400, pp. 84-86, 1917.

53 Briggs, L. J., and McLane, J. W., The moisture equivalents of soils: U. S. Dept. 
Agr. Bur. Soils Bull. 45, 1907. Briggs, L. J., and Shantz, H. L., The wilting coefficient 
tor different plants and its indirect determination: U. S. Dept. Agr. Bur. Plant Industry 
Bull. 230, 1912. Briggs, L. J., Martin, O. P., and Pearce, J. R., The centrifugal method 
of mechanical soil analysis: U. S. Dept. Agr. Bur. Soils Bull. 24, 1904. Veihmeyer, 
P. J., and Hendrickson, A. H., The moisture equivalent as a measure of the field capacity 
of soils (unpublished manuscript).
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During the daytime the plants withdraw water and consequently 
lower the water table. This drawdown of the water table produces a 
head in the underlying strata, which causes continual upward perco 
lation. Therefore at night, when there is little or no withdrawal by 
plants, the water table rises much as the water level in a well rises 
when pumping is stopped. The daily transpiration is equal to the 
upward percolation throughout the 24-hour period plus or minus the 
comparatively small amount of water represented by the net decline 
or rise of the water table during the same period. The average rate 
of upward percolation occurs when the water table stands about mid 
way between its lowest and highest daily stages. This occurs twice a 
day during the declining phase, some time in the afternoon, and 
during the rising phase, usually late in the night. The nocturnal 
mid-stage occurs at a time when there is little or no withdrawal from 
the zone of saturation, and hence at a time when the replenishment 
of storage that causes the rise of the water table is approximately the 
average rate of upward percolation for the 24-hour period.54 In 
order to ascertain the quantity of water withdrawn by the plants 

^frorn the zone of saturation it is therefore necessary to determine the 
quantity of water that is required to raise the water table an inch, a 
foot, or other unit of height that is, to determine the specific yield 
of the material through which the water table fluctuates.

Daily fluctuations of the water table were observed by King 5B in 
his experiments at Madison, Wis., in 1888 and subsequent years, and 
he recognized their possible significance in recording the discharge 
of ground water through vegetation. However, he dismissed the sub 
ject as too complicated for solution without more elaborate investiga 
tion. The method was successfully applied by G. E. P. Smith, in 
1917 and subsequent years, by the use of automatic water-stage re 
corders on wells in tracts of cottonwood and mesquite and later also 
on wells in tracts of salt grass and alkali sacaton. To Smith, there 
fore, belongs the credit for the introduction of this method. He also 
developed the theory of upward percolation and showed that the daily 
vegetal discharge could be computed from the rate of rise of the 
water table at the nocturnal mid-stage if the specific yield were 
known.56

In 1925 the United States Geological Survey undertook an inten 
sive investigation to develop this promising method and especially 
to devise means for interpreting the fluctuations in terms of quantity

H Smith, G. E. P., The effect of transpiration of trees on the ground-water supply 
(unpublished paper given before the Geological Society of Washington, Nov. 22, 1922). 
See Washington Acad. Sci. Jour., vol. 14, p. 160, 1924.

65 King, F. H., Observations and experiments on the fluctuations in the level and rate 
of movement of ground water on the Wisconsin Agricultural Experiment Station farm 
at Whitewater, Wis.: U. S. Weather Bur. Bull. 5, 1892.

66 Smith, G. E. P., Washington Acad. Sci. Jour., vol. 14, p. 160, 1924.
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of ground water discharged by the plants. For this purpose the 
Escalante Valley, Utah, was chosen, and W. N. White, who had 
already done considerable hydrologic work in that valley, was 
assigned to make the investigation. A preliminary statement of the 
results of the first two years of his work on this method was pub 
lished in 1927,5T and a comprehensive report on the results of all 
three years of his work is nearly ready for publication.58

In the course of the Escalante Valley investigation three methods 
of determining the specific yield were devised and put into practice. 
One of these methods consisted of driving cylinders and making 
direct tests as above described (p. 114). In another method several 
soil tanks were used in which the three principal ground-water 
plants of the region alfalfa, salt grass, and greasewood were 
grown. The natural hydraulic conditions were reproduced as closely 
as possible, daily water-table curves were obtained comparable to 
those obtained in the field, and observations of the quantity of water 
fed into the tanks to replace the upward percolation were made at 
frequent intervals. Thus data were obtained for the evaluation of 
every process involved, including the interpretation of the rise and, 
fall of the water table in terms of quantity of water. In the third 
method the ratio of dry alfalfa hay produced in the tank experi 
ment to the quantity of water consumed was determined, and this 
ratio was used to compute the water consumed by a known weight 
of alfalfa growing as a ground-water plant in a field in which a 
well was dug and a water-stage recorder was operated. Thus it 
became possible to interpret the curve of water-table fluctuations in 
terms of quantity of water and hence to compute the specific yield. 
This might be regarded as an eighth method of determining specific 
yield. Similar ratios were also determined for salt grass and grease- 
wood, and these were applied directly to the seasonal growth of these 
species in the field to compute the quantities of water that they dis 
charged. As these computations did not involve the fluctuations of 
the water table they served as a check on the daily fluctuation method.

The studies of the daily fluctuations of the water table in areas 
of vegetal discharge have given valuable results. However, the 
application of the method is complicated in several ways, chiefly by 
the variability in the texture of the soil and water-bearing material 
as it affects the specific yield, permeability, capillarity, and root

67 White, W. N., Notes in regard to the work in the Escalante Valley, Utah, on the 
discharge method of estimating ground-water supplies : U. S. Geol. Survey Water-Resources 
Bulletin, Mar. 10, 1927, pp. 22-29. See also Washington Acad. Sci. Jour., vol. 17, 
pp. 238-240, 1927.

68 White, W. N,, A method of estimating ground-water supplies based on discharge by 
plants and evaporation from soil; results of investigations in Escalante Valley, Utah 
(released in manuscript form in 1930).
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distribution. The method is not applicable where the water-bearing 
formation consists of very permeable material without interstrati- 
fied confining beds, because the fluctuations are too slight to be 
accurately recorded by available instruments, and, moreover, the 
mid-stage of the rising phase, as well as that of the declining phase, 
occurs while discharge is occurring. The method will probably 
have to be used to determine the approximate consumption of water 
by the principal species of ground-water plants, and these results 
will have to be applied to maps that will show in as much detail 
as practicable the area, density, and growth of each of these species.

METHOD BASED ON GROUND-WATER RATING CURVE

In the Pomperaug investigation weekly measurements were made 
of the depths to the water levels in a number of observation wells, 
and the average depth for each week was plotted against the corre 
sponding ground-water run-off. It was, of course, found that the 
run-off for a given stage of the water table was much less in sum 
mer, when vegetal discharge and soil evaporation were active, than 
in the colder part of the year, when there was very little loss by 
these processes. A curve was drawn through or near the coordinate 
points for winter weeks, according to the empiric method used in 
making rating curves for surface streams. This gave a rating curve 
for ground-water run-off during the winter. It was hoped that the 
curve would show approximately the total ground-water discharge 
in summer and that the ground-water evaporation could be obtained 
by subtracting the ground-water run-off from the total discharge as 
shown by the curve. In fact, however, this difference seems to give 
minimum rather than actual figures for ground-water evaporation, 
because the roots of plants and the soil capillaries do not wait for 
the water to appear at the surface but pump it up from some depth.59 
Further investigation will be required to determine whether it will 
be practicable under any circumstances to use the stage of the water 
table as an index either of ground-water run-off or of total ground- 
water discharge.

SAFE YIELD AS COMPARED WITH NATURAL INTAKE AND
DISCHARGE

The safe yield of a water-bearing formation, or the practicable 
rate of withdrawing water from it perennially for human use, may 
be either greater or less than the rate of natural recharge or dis 
charge as determined before heavy withdrawals are begun. It may

M Meinzer, 0. E., and Stearns, N. D., A study of ground water in the Pomperaug 
Basin, Conn., with special reference to intake and discharge: U. S. Geol. Survey Water- 
Supply Paper 597, fig. 13, 1928.
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be less because natural discharge can not be wholly prevented, even 
by heavy withdrawals through wells. On the other hand, it may be 
greater because of artificial increase of the rate of recharge.

Before any large ground-water developments are made the aver 
age rate of discharge for any long period is obviously about equal to 
the average rate of recharge. When heavy pumping from wells is 
begun the water table declines, and this results in curtailing the loss 
from the underground reservoir by spring flow, seepage, soil evapo 
ration, vegetal discharge, and perhaps underground leakage. It is, 
however, not practicable to prevent all the natural discharge even if 
the water table is greatly lowered. Obviously the water that is at 
first pumped is largely water taken out of storage. As pumping 
progresses the water table continues to decline and the salvage from 
natural discharge increases, until, if the safe yield is not exceeded, 
the pumpage is eventually all salvage, and there is no further net 
withdrawal from storage and no further permanent lowering of the 
water table. If, however, the pumpage exceeds the safe yield, with 
drawal from storage will continue and the water table will persist 
ently decline. In all investigations of undeveloped underground 
reservoirs the factor of unsalvageable natural discharge should be 
recognized.

Surface reservoirs that are full have no capacity for additional 
storage. Underground reservoirs are also limited in their capacity, 
though not so definitely as surface reservoirs. In a long period of 
wet weather the water table may become so high and effluent seepage 
may become so general that the underground storage will not be 
increased even by heavy precipitation, and after the rains cease 
stored water will be rapidly discharged until the water table reaches a 
more normal stage. This temporary storage capacity depends 
largely on the relief of the land, as has been pointed out by George 
Otis Smith.59a If the land surface is nearly level there is little oppor 
tunity for the underlying water-bearing beds to drain, and hence 
the springs will decline or dry up completely while the underground 
reservoir remains nearly full. On the other hand, if the region is 
deeply dissected the lowland springs may continue to flow with little 
decrease in volume throughout long periods of drought, during 
which they are gradually draining the underground reservoir. If 
prior to a wet season the water table has been lowered either by 
the flow of springs or by pumping from wells, the available 
capacity of the underground reservoir is increased, and more of the 
surface water will go into underground storage than would otherwise 
be possible. In this respect the recharge may be increased by use.

In order to utilize fully the flow of a stream, storage is required 
to hold the excess water of high stages for use in times of small

SB* Personal communication.
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flow or whenever there may be need for the water. Many of the 
underground reservoirs are so large that they have capacity to 
carry over great quantities of water not only from a wet season to 
the following dry season but also from a period of wet years to a 
period of dry years. However, to utilize these reservoirs fully it is 
necessary to pump enough water out of them to make room for all 
the inflow during the wettest seasons and during the periods of suc 
cessive years of heavy precipitation. This was well illustrated by 
some of the underground reservoirs of southern California, whose 
water tables, under heavy pumping for irrigation, went down a 
little lower each summer than they had risen in the previous winter, 
until it appeared that excessive depletion must inevitably compel 
reduction in irrigation. Then came a period of wet winters when 
recharge occurred to a remarkable extent and the water levels rose 
beyond all expectations.60

The principle of increasing recharge by use was recognized by 
Smith n and Wolff 62 in early quantitative work ,in this country and 
has generally received due consideration in more recent investiga 
tions. In all investigations of undeveloped ground-water supplies 
the possible effect of use in increasing the yield should be recog 
nized and so far as practicable should be evaluated. In making 
investigations where heavy pumping is already in progress,, esti 
mates based on a few years of normal or subnormal precipitation 
may be too low because they do not sufficiently take into account the 
great recharge that may occur ,in a depleted underground reservoir 
during a season of exceptionally high precipitation.

Artificial recharge can be accomplished in some places by drain 
ing surface water into wells, spreading it over tracts underlain by 
permeable material, temporarily storing it in leaky reservoirs from 
which it may percolate to the water table, or storing it in relatively 
tight reservoirs from which it is released as fast as it can seep into 
the stream bed below the reservoir. Artificial recharge by some 
of these methods has been practiced in the United States and other 
countries. It was suggested by Hilgard 68 in 1902 for southern 
California, where it has since received considerable investigation 
and has been adopted as a conservation measure.64 Drainage

60 Ebert, F. C., Records of water levels in wells in southern California: U. S. Geol. 
Survey Water-Supply Paper 468, pis. 2, 3, 4, 1921.

a Smith, G. B. P., op. cit, p. 189.
83 Wolff, H. C., The utilization of the underflow near St. Francis, Kaas,: U. S. Geol. 

Survey Water-Supply Paper 258, pp. 104-107, 1911.
^Hilgard, E W., Subterranean water supply of the San Bernardino Valley: U. S. 

Dept Agr. Bull. 119, pp. 133-134, 1902.
64 Lee, C. H., Subterranean storage of flood water by artificial methods in San Ber 

nardino Valley, Calif.: California Conservation Comm. Rept. for 1912, pp. 335-400, 1913. 
Tate, C. E., Spreading water for flood control: Southern California Assoc. Members 
Am. Boc. Civil Bug. Bull., vol. 1, No. 4, pp. 76-86, Los Angeles, 1919. Post, W. S., Santa 
Ana investigation, flood control and conservation: California Dept. Public Works Div. 
Bng. and Irr. Bull. 19, pp. 165-179, 1929.
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into wells has been practiced in many parts of the United States, 
chiefly to reclaim swampy land or to dispose of sewage and other 
wastes.65 The drainage of sewage or other wastes into wells can not 
be approved, because it may produce dangerous pollution of water 
supplies. Drainage of surface water into wells to increase the 
ground-water supply for rice irrigation in Arkansas is, now under 
consideration.66 Water spreading has been practiced to a consid 
erable extent in southern California, partly to decrease the 
effects of flood but largely to increase the supply of ground water. 
Storage in ordinary reservoirs and subsequent release has frequently 
been considered, and the unavoidable leakage of some reservoirs 
has been used to increase the ground-water supply.67 Artificial re 
charge by damming stream channels in the permeable lava rocks 
of the Hawaiian Islands has been considered.68 In ground-water 
investigations that involve the question of safe yield attention should 
as a matter of course be given to the possibilities of artificial recharge.

STORAGE METHODS APPLIED WHERE USE HAS BECOME LARGE

If an underground reservoir is heavily pumped a study of the 
relations of the water levels to the amount of pumpage is likely to 
give more reliable information as to the safe yield than can be ob 
tained by any method of studying an undeveloped reservoir. If 
the water levels in the wells remain virtually stationary during a 
considerable period of pumping it may be concluded that during this 
period the rate of recharge has been about equal to the rate of dis 
charge, including both natural discharge and withdrawals from 
wells. This principle was utilized by Mendenhall 69 in his ground- 
water investigations in San Bernardino Valley, Calif., early in the 
present century, where already there was heavy pumping for irriga 
tion. He found that the records on two wells under observation for 
several years showed a net decline in water level in all years, though 
in two years of somewhat more than average precipitation the de 
cline was only slight. He therefore concluded that in those two 
years the pumpage was virtually supplied by recharge but that in 
all other years there was a draft on storage.

^Horton, R. E., Drainage of ponds into drilled wells: U. S. Geol. Survey Water-Supply 
Paper 145, pp. 30-39, 1905. Fuller, M. L., Drainage by wells: TJ. S. Geol. Survey 
Water-Supply Paper 258, pp. 6-22, 1911.

m Thompson, D. G., Ground-water supplies for rice irrigation in the Grand Prairie 
region, Arkansas: U. S. Dept. Interior Press Mem. 49844, January 26, 1931.

67 Meinzer, O. E., Renick, B. C., and Bryan, Kirk, Geology of No. 3 reservoir site of the 
Carlsbad irrigation project, New Mexico, with respect to water-tightness: U. S. Geol. 
Survey Water-Supply Paper 580, pp. 21-25, 1927.

68 Stearns, H. T., and Clark, W. O., Geology and water resources of the Kau District, 
Hawaii: U. S. Geol. Survey Water-Supply Paper 616, p. 21, 1930. The method had 
been suggested by Lincoln McCandless in Honolulu Advertiser, June 21, 1926.

68 Mendenhall, W. C., The hydrology of San Bernardino Valley, Calif.: TJ. S. Geol. 
Survey Water-Supply Paper 142, pp. 56-67, 1905.
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s of th« manner in which the water levels fluctuate,, if 
at the end of an j period they return approximately to the position 
they had at jthe bepfltting of the period the record of pumpage fur 
nishes a measure of the recharge during the same period minus the 
natural loss. In the Niles cone, in California, the water levels in 
the autumn of 1918 had returned to almost the identical levels of the 
autumn of 1913, although in the intervening period there were not 
able fluctuations in level as a result of wet and dry years. Bailey's 
inventory of the ground-water supply 7? covered this 5-year period 
in which there was practically no net change in storage.

Under such conditions two uncertainties remain which affect the 
practical conclusions as to safe yield   first, as to how much natural 
discharge there was during the period and especially how much 
salvageable natural discharge; and, second, as to how nearly the 
recharge during the period represents the average rate of recharge 
or how much it was above or below the average. If it is known 
that during a period of such stationary or recurring conditions of 
the water table the rate of recharge has not been above the average, 
it may be concluded that pumpage has not exceeded the safe yield. 
On the other hand, the mere fact of essential equilibrium between 
recharge and discharge gives no indication of the maximum salvage 
able discharge   that is, of the maximum pumpage that would be 
practicable. If the rate of pumping is increased, the water table 
will decline and consequently the rate of natural discharge will 
he diminished. If the safe yield has not been exceeded, this process 
of lowering the water table and decreasing the natural discharge 
will proceed until eventually the diminution in the rate of natural 
discharge will equal the increase in the rate of pumping, the aggre 
gate of the two kinds of discharge will again be balanced by 
recharge, there will no longer be any net withdrawal from storage,
and the water table will be approximately stabilized in its new
position. If the saf< yield has been exceeded and the new rate of 
pumping is greater than the maximum possible salvage, then, obvi 
ously, the pumps will continue to draw upon the storage and the 
water table will continue to decline indefinitely. If with a given 
rate of pumping tha water table is approximately stabilized and 
the natural discharge is known to be small or to have been reduced 
nearly to the practicable limit^ it,may be concluded that the pump- 
age furnishes an approximate measure of the safe yield and that 
the ground-water supply has been fully developed but not over 
developed.

"Bailey, Paul, Engineering investigation of percolation from Alameda Creek and ground- 
water studies on Nlles cone: California State Water Comm. Third Bienn. Bept., pp. 105, 
103, 1921.

31558° 32  9
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The great advantage in basing computations on a period of 
stationary water levels or on a period in which the water levels 
are about the same at the end as at the beginning of the period is 
that there is no net withdrawal from or addition to the storage, 
and consequently the specific yield of the water-bearing mate 
rial is not involved. If, however, the water table declines per 
sistently or if it is desired to make monthly or annual estimates of 
the recharge, it becomes necessary to determine the specific yield 
or at least the capacity of the underground reservoir for each foot 
of saturation within the belt through which the water table 
migrates. In regions that have distinct wet and dry seasons, such 
as California and parts of the Hawaiian Islands, the recharge 
during the dry season may be negligible in quantity. If natural 
discharge has become relatively small, the pumpage in the dry 
season may therefore represent approximately the reduction in 
storage. If both the pumpage and the average decline of the water 
table are known, the approximate capacity of the underground 
reservoir for each foot of depth can be computed, and this figure 
can be used in computations of recharge during the wet season. 
In applying this method adequate precautions must, of course, be 
taken to get the average position of the water table for the entire 
area underlain by the underground reservoir and to distinguish 
between water levels that represent the water table and those that 
represent artesian pressure. This method was used by McCombs 71 
in the artesian basin in the vicinity of Honolulu, where there is 
continuous heavy withdrawal from wells but only a negligible 
amount of natural discharge and practically no recharge during 
the dry seasons, and where the water-bearing lava rock is so permea 
ble that there is almost no loss of head due to friction and the 
water table in the intake area is almost exactly recorded by the 
water levels in the artesian wells.

By this method the average specific yield of the water-bearing 
material that has been drained can be determined, provided, of 
course, that the area of the water table in the underground reservoir 
is -known with reasonable accuracy. This is the fourth or pumping 
method described above. However, it.should be remembered that in 
the procedure followed by McCombs the specific yield is not required 
but only the storage for each foot of depth.

LEAKAGE METHODS

In some places there is good evidence of leakage from one under 
ground reservoir into another. If the leakage occurs as underflow

71 McCombs, John, Methods of estimating safe yield of Honolulu artesian area: Hono 
lulu Sewer and Water Comm, Kept., 1927, pp. 61-65,
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through a relatively definite underground channel it can be estimated 
by one of the conduit methods described below, as, for example, in the 
investigation made by Slichter 72 in 1904 of the underflow at the 
narrows of the Rio Grande near El Pa®D, Tex. If, however, the leak 
age occurs by percolation through the rocks at considerable depths it 
may be quite impracticable to estimate the quantity of water that is 
lost. An example of such a condition is afforded by the probable 
underground escape of water from Alkali Spring Valley into 
Clayton Valley, in Nevada.73

After wells have been drilled into an artesian formation much arte 
sian water may escape into permeable beds above the confining bed 
through defective or corroded well casings. Recently a successful 
method has been developed for measuring this underground loss of 
artesian water. The principle involved is very simple. A specially 
constructed current meter is lowered into the well, where it records 
the velocity'of the water at any depth desired. With the velocity 
and the diameter of the well known, the rate of flow at any point 
can be determined. Hence a series of measurements taken at succes 
sive levels from the bottom to the top of the well will show just 
where the water enters and in what amounts, where it leaks out and 
in what amounts, and how much is delivered at the surface. For 
certain investigations it may be necessary to use apparatus for meas 
uring the diameter of a well at any depth, but thus far no serious 
difficulties have arisen in the leakage work on account of uncertainty 
as to the diameter.

In connection with drainage investigations on the Twin Falls 
South Side project, in Idaho, from 1910 to 1914, a Price current 
meter, such as is used by the United States Geological Survey in 
stream gaging, was used by W. G. Sloan, of the Department of Agri 
culture, and "W. B. Heroy, of the Geological Survey, to measure the 
discharge of wells and also to determine the levels at which the 
water entered the wells. Beginning in 1918, a Price meter was suc 
cessfully used by the Geological Survey for making a systematic 
survey of leakage of artesian wells in Honolulu, first by R. D. 
Klise and later \>j John McCombs and others. In 1925 a current 
meter that is much better adapted for the well work was designed by 
Carl H. Au and was used by A. G. Fiedler, who further developed 
the method in leakage investigations in the Roswell artesian basin, 
New Mexico, and in other localities.74 A so-called " kink finder," or

13 Slichter, C. S., Observations on the ground waters of Rio Grande Valley: U. S. Geol. 
Survey Water-Supply Paper 141, pp. 9-13, 1905.

78 Meinzer, O. E., Geology and water resources of Big Smoky, Clayton, and Alkali Spring 
Valleys, Nev.: U. S. Geol. Survey Water-Supply Paper 423, pp. 147-150, 1917.

7* McCombs, i John, and Medler, A. G., Methods of exploring and repairing leak? 
artesian wells, with a prefabe by O. B. Meinzer: U. S. Geol. Survey Water-Sapply Paper 
596, pp. 1-32, 192T. The work of Sloan, and Heroy was not mentioned in this paper 
because it was not at that time known to any of the authors.
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automatic gage for determining the diameter of a well from bottom 
to top, invented by P. B. Whitney, was successfully used, in 1927, in 
a 4,700-foot well of the Eepollo Oil Co., near Boulder, Colo.75

In an investigation in the Winter Garden area, in Texas, it was 
necessary to determine whether salty water from one formation is 
entering a fresh-water formation through wells with defective cas 
ings. For this purpose an apparatus was devised which can be 
lowered into the wells and will indicate the electric conductivity and 
therefore the degree of salinity of the water at different depths.76

BOCK FORMATIONS AS CONDUITS 

GENERAL CONDITIONS

Ground water travels laterally from the intake areas to the dis 
charge areas. On account of the viscosity of the water and the 
small size of the interstices of the water-bearing material through 
which it usually percolates, there is a very appreciable resistance 
to its flow. Hence the rate of recharge is controlled not only by 
the intake facilities and the quantity of surface water that reaches 
the intake area but also by the capacity of the formation to carry 
water from the intake area to the area of natural discharge or to the 
wells where the water supply is to be recovered. If the distance 
from the intake area to the discharge area is great, as it is in some 
of the large artesian basins, the problem of safe yield relates to the 
capacity of the formation as a conduit rather than to its capacity 
as a reservoir. Quantitative methods are therefore required to 
estimate the transmission capacities of water-bearing formations.

METHODS BASED ON FIELD TESTS OP VELOCITY

The rate of flow of a surface stream at a selected cross section 
is determined by'measuring the velocity of the water in each unit 
of the cross section. The rate of flow. through each unit is the 
product of the velocity by the area of the unit, provided the flow 
is at right angles to the cross section. The total flow of the stream 
is, then, the sum of the flows through all the units of the cross 
section.77

The same principle is applied in estimating the flow of ground 
water, but different means must be used for measuring the velocity 
and cross-section area, and a third factor, which may be called the

TO Described by Mr. Whitney in letter of May 14, 1927, to the Director, U. S. Geological 
Survey.

M Survey of the underground waters of Texas: 17. S. Dept. Interior Press Mem. 50678, 
Feb. 16, 1931.

w Hoyt, J. C., and Grover, N. C., River discharge, 4th ed., pp. 3, 4, 44-81, New York, 
Jobn Wiley & Sons, 1927.
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effective porosity, is involved. The velocity of a surface stream? iM 
generally measured with a current meter, but this instrument is 01P 
viously not available for measuring the velocity of ground water! 
For this purpose use has been made of salts and dyes, which are in 
troduced into the ground water through an upstream well and laler 
detected in one or more downstream wells, the velocity being com 
puted from the observed interval of time and the measured distance 
between the wells. Common salt was first used by European hydrol- 
ogists and was detected in the downstream wells by chemical tests 
for chloride in successive samples taken from these wells. Later the 
more convenient electrolytic method was devised in this country by 
Slichter.

One of the pioneers in developing methods for measuring the ve 
locity of ground water was the German hydrologist A. Thiem,78 who 
made investigations leading to the development of ground-water 
supplies in many cities of Germany and published the results of Ms 
work in several papers that appeared between 187& and 1892. He 
used common salt in his experiments because it is inexpensive, read 
ily soluble, easily detected by the test for chloride, and not objection 
able in any way. His method was to dig two test wells approxi-^ 
mately in line with the direction of the movement of the ground 
water as determined from the slope of the water table. Hfr then 
dosed the upper well with salt and at suitable intervals took samples 
from the lower well which he tested for their chloride content.

A notable advance in the methods of measuring the velocity of 
ground water was made in this country when the electrolytic method 
was developed by Slichter.79 His first work was done in 1901, in the 
Arkansas River Valley, near Garden City, Kans.80 In succeeding 
years he and his associates made measurements of the velocity of 
ground water by the electrolytic method on Long Island 81 and in the 
valleys of the Los Angeles,82 Hondo,88 San Gabriel,83 and Mohave 8*

78 Thiem, A., Verfahren fiir Messung nattirlicher Grundwasser-geschwindigkelten: Pojy. 
Notizblatt, vol. 42, p. 229, 1887. Slichter, C. S., Theoretical investigation of the motion 
of ground waters: U. S. Qeol. Survey Nineteenth Ann. Eept., pt. 2, pp. 297-384 (dee 
especially the bibliography, pp. 380-384), 1898; The motions of underground waters: 
U. S. GeoL Survey Water-Supply Paper 67, pp. 46-48, 1902.

78 Slichter, C. S., The motions of underground waters: U. S. Geol. Survey Water-Sopjfly 
Paper 67, 1902; Field measurements of the rate of movement of underground waters: 
U. S. Geol. Survey Water-Supply Paper 140, 1905.

80 Slichter, C. S., The underflow in Arkansas Valley in western Kansas: H., S. Geol. 
Survey Water-Supply Paper 153, 1906, . ,

81 Slichter, C. S., Field measurements of the rate of movement of underground waters; 
U. S. Geol. Survey Water-Supply Paper 140, pp. 65-85, 1905. Veateh, A. C., Blister, 
C. S., Bowman, Isaiah, Crosby, W. O., and Horton, E. E., Underground wate? ^egourees 
of Loag Island, N. Y.: U. S. Geol. Survey Prof. Paper 44, pp. 86-115, 1906..

^Hamlin, Homer, Underflow tests in the drainage basin of Los Angeles Biver: UV J9. 
Geol. Survey Water-Supply Paper 112, 1905.

83 Slichter, C. S., Field measurements of the rate of movement of underground waters: 
U. S. GeoL Ssrvey Water-Supply Paper 140, pp. 50-64, 1905.
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Rivers, in California, the Bio Grande near El Paso, Tex.,84 the South 
Platte River, in Nebraska, 85 and the Republican River, in Kansas.86 
The method has been standardized and has been extensively used in 
ground-water work, both in the United States and in other countries.

The electrolytic method depends on the fact that the electric con 
ductivity of water increases with its concentration of dissolved salt, 
which acts as an electrolyte. Simple electric apparatus is used with 
a battery to generate the current and an ordinary or recording am 
meter to measure the current. The progress of the salt is recorded 
when the current is passed through the water from the upstream well 
to a downstream well, and its arrival in one of the downstream wells 
is indicated when the current passing from the casing of that well to 
an electrode inside of it suddenly increases. Many mechanical diffi 
culties are involved in the installation of the wells and the applica 
tion of the electrolyte, which may introduce large errors in the re 
sults or may completely vitiate the experiments. The difficulties are 
especially serious where the velocities are small.

Dye has been used chiefly in sanitary investigations, largely to 
trace the course of rather definite underground streams, such as 
occur in limestone, and to determine whether certain water 
supplies receive contributions from polluted sources. The dye most 
commonly used is the chemical called uranin, which is the sodium 
salt of fluorescein and which has often been incorrectly called fluo- 
rescein. This is a harmless but very strong and stable dye that 
colors the water green. The dye method was described by Dole 87 
in 1906, in a paper which also contains a historical sketch of the 
development of the method and a bibliography. Dye tests were 
made by Dr. Dionis des Carrieres in 1882, during a severe epidemic 
of typhoid fever in the city of Auxerre, in France, and since that 
time frequent use has been made in France of various dyes to study 
the movements of ground water. In 1899 elaborate investigations 
were made by Trillat of the value of certain dyes as flow indicators 
and of the effects on them of passage through common soils. The 
fluoroscope, for detecting dyes when present in great dilution, was 
invented by Trillat and was perfected by Marboutin. Dye tests have 
frequently been made in the United States by sanitary engineers and

84 Slichter, C. S., Observations on the ground waters of Rio Grande Valley: U. g. Geol. 
Survey Water-Supply Paper 141, pp. 9-13, 1905.

«s Slichter, C. S., and Wolff, H. C., The underflow of the South Platte Valley: U. S. 
Geol. Survey Water-Supply Paper 184, pp. 9-12, 1906.

89 Wolff, H. C., The utilization of the underflow near St. Francis, Kans.: U. S. Geol. 
Survey Water-Supply Paper 258, pp. 98-119, 1911.

w Dole, R. B,, Use of fluorescein in the study of underground water: U. S. Geol. Survey 
Water-Supply Paper 160, pp. 73-85, 1906.
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others, and a good example is afforded by the series of tests made by 
Stabler.88

In 1921 and subsequent years uranin dye was successfully used by 
Stiles and his assistants 89 in an investigation to determine the extent 
to which bacteria are carried through formations of sand. This 
investigation, which was made at an experiment station near Fort 
Caswell, N. C., by the United States Public Health Service, with the 
cooperation of the United States Geological Survey, involved a 
minute 3-dimensional survey of the direction and rate of movement 
of the ground water and made a notable contribution in demonstrat 
ing the use of the dye method in fine-grained materials and in pro 
viding means for detailed study of the movement of ground water.

The use of a dye probably affords the most accurate method of 
studying in detail the movements of ground water. It may be rather 
easily applied in some creviced rocks that have relatively definite 
underground streams, but in porous rocks with small interstices the 
dye may be very elusive, and the method may be found to be much 
more laborious and difficult than would appear on casual considera 
tion. In the Fort Caswell experiment about 550 test wells were 
sunk in addition to some trenches, and the exact distribution of the 
uranin was determined.

To estimate the flow of ground water, whether by electrolytic, 
chemical, or dye methods, it is necessary to ascertain with some 
degree of accuracy the cross section through which the water flows 
and the velocity of flow through each unit of the cross section. This 
is accomplished by sinking test wells and to some extent by studying 
the records of existing wells. It is possible that the recently devised 
method of underground exploration based on the electric conduc 
tivity of the different rock formations can be used in finding the 
limits of shallow underground conduits, but that method seems not 
to be available for determining the permeability of different units 
of the cross section or the velocity of the ground water flowing 
through them.
. The flow of a surface stream, in cubic feet per second, can be 
found by multiplying the average downstream component of the 
velocity of the water in feet per second by the area of the cross sec 
tion of the stream in square feet. To determine the flow of ground 
water, however, a third factor, which has been called the effective

88 Stabler, Herman, Pluorescein an aid to tracing waters underground: Reclamation 
Becord, vol. 12, pp. 122, 123, U. S. Reel. Service, 1921.

88 Stiles, C. W., Crohurst, H. R., Thomson, G. B., and Stearns, N. D., Experimental 
bacterial and chemical pollution of wells via ground water, with a report on the geology 
and ground-water hydrology of the experimental area at Fort CasweU, N. C.: U. S. Pub. 
Health Service Hygienic Lab. Bull. 147, 1927.
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porosity, must be applied. Much of the cross section is occupied 
by rock and by water that is securely attached to the rock surfaces by 
molecular attraction. The area through which the water is flowing 
is therefore less than the area of the cross section of the water 
bearing material and may be only a small fraction of that area^ 
In a coarse, clean gravel, which has only large interstices, the 
effective porosity may be virtually the same as the actual porosity, 
or percentage of pore space; but in a fine-grained or poorly as 
sorted material the effect of attached water may become very great, 
and the effective porosity may be much less than the actual porosity. 
Clay may have a high porosity but may be entirely impermeable 
and hence have an effective porosity of zero. The effective porosity 
of very fine grained materials is generally not of great consequence 
in determinations of total flow, because in these materials the ve 
locity is so slow that the computed flow, with any assumed effective 
porosity, is likely to be relatively slight or entirely negligible. The 
problem of determining effective porosity, as distinguished from 
actual porosity, is, however, important in studying the general run 
of water-bearing materials, which are neither extremely fine nor 
extremely coarse and clean.

Hitherto not much work has been done on this phase of the 
velocity methods of determining rate of flow. No distinction has 
generally been made between actual and effective porosity, and fre 
quently a factor of 33% per cent has been used, apparently without 
even making a test of the porosity. It is certain that the effective 
porosity of different water-bearing materials ranges between wide 
limits and that it must be at least roughly determined if reliable 
results as to rate of flow are to be obtained. It would seem that 
each field test of velocity should be supplemented by a laboratory 
test of effective porosity, for which the laboratory apparatus 
devised by Slichter could be used.90

Velocity methods have been used chiefly on water-bearing forma 
tions lying at or near the surface. The electrolytic method has been 
used chiefly to determine the underflow of streams through alluvial- 
deposits confined in rock troughs. These tests have produced data 
on the velocity of ground water through materials of certain kinds 
and under known hydraulic gradients. The data are perhaps of the 
greatest value in furnishing a general comparative basis for making 
rough estimates of velocity of ground water in other places and 
under other conditions. Their value in the specific investigations 
for which they were made has been largely in giving negative in 
formation, for they have generally shown that the rate of under-

80 Slichter, C. S., Field measurements of the rate of movement of underground waters : 
U. S. Geol. Survey Water-Supply Paper 140, pp. 29-49, 1905.
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flow is small in comparison with the reeharge that occurs all along 
the valley by downward percolation of ;rain or stream water. At 
the present time.methods to determine the rate of flow are most 
needed in connection with water-bearing formations which lie be 
neath confining beds and in which the water must travel long 
distances from the intake areas to the areas of recovery. One of 
the principal difficulties in using velocity metho4s on such forma 
tions is the cost of sinking the deep test wells that would generally 
be required.

METHODS BASED ON LABORATORY DETERMINATIONS OF 
PEEMEABILITY

About 1843 Poiseuille,91 in connection with his studies of the circu 
lation of the blood, discovered the law of flow through capillary 
tubes namely, that the rate of flow is proportional to the hydraulic 
gradient In 1856 Darcy,92 inspector general of the Paris water 
works, whose extensive and valuable experiments on the flow of 
water through pipes are well known, verified this law and demon 
strated its application to water percolating through the capillary 
interstices of sand or ot^ier porous medium. He expressed this law

Jew 
by means of the formula ^= ~^ in which v is velocity of the water

through a column of permeable material, p the difference in head at 
the two ends of the column, h the length of the column, and le a con 
stant that depends on the character of the material, especially on the 
size of the grains, which was to be experimentally determined.

In the 75 years since the results of Darcy's work were published 
laboratory investigations of various phases of the problem of the 
flow of liquids and gases through permeable materials have teen 
made, many of them by French and German physicists and engi 
neers.93 A critical review of the early investigations was made by 
King,84 an American physicist and hydrologist. He reviewed the 
laboratory studies on the flow of water through permeable materials 
that were made by the European investigators Hagen, Seelheim, 
Welitschkowsky, and Wollny and by the American engineer J< C. 
Trautwine; the work of Thomas Graham and O. E. Meyer, who dem 
onstrated that the law of Poiseuille holds for gases as well as for 
liquids; and the later investigations by Fleck, Welitschkowsky, Eenk,

81 Poiseuille, J., Recherches experimentales sur le mouvement des liquides dans les tubes 
de trfes petit diametre: M4m. savants'e"trang., vol. 9, p. 433, 1846.

98 Darcy, H. P. G., Lee fontaines publiques de la ville de Dijon, Paris, 1856. Se0 
gtieateir, C. S., The motions :of underground waters: U. S. Geol. Surrey Water-supply 
Paper 67, pp. 18, 19, 1902.

88 See bibliography In Slichter, C. S., Theoretical Investigation of the motion of ground 
waters: U. S. Geol. Survey Nineteenth Ann. Kept., pt. 2, pp. 380-384, 1899.

** King, F. H*, Principles an* conditions of the movements of ground water i TJ. S. Cfe&i. 
Survey Nineteenth Ann. Repi, pt. 2, pp* 178-189, 1889.
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Ammon, and Wollny concerning the flow of gases. The whole sub 
ject of the law of flow of liquids and gases through capillary tubes 
and permeable materials was reinvestigated by King, and his results 
are given in the paper cited. During the years 1902 to 1904 labora 
tory experiments on the flow of water through sand and gravel were 
made under the direction of Slichter 95 with lower hydraulic gra 
dients than had previously been used, in order to approximate nat 
ural conditions more closely. Since that time permeability experi 
ments with both liquids and gases have been made by other American 
physicists and engineers in various fields of investigation. In 1923 
a hydrologic laboratory was established in the Geological Survey, 
and tests of permeability to water were made under hydraulic gra 
dients as low as 5 feet to the mile.96 In this laboratory standard 
permeability tests under low gradients are now made of many water 
bearing materials found in the areas that are investigated by the 
Geological Survey.

The foregoing historical review shows that Darcy's law, that the 
flow of water through a permeable material varies directly as the 
hydraulic gradient, has been thoroughly tested by experiment and has 
been demonstrated to be correct for practical purposes if it is not ap 
plied with excessive extrapolation. Hence, the flow through a forma 
tion can be computed if its permeability, the hydraulic gradient of 
the water it contains, and the area of its cross section are determined.

The hydraulic gradient can be rather satisfactorily determined by 
measuring the depth to the water level in wells properly distributed 
over the area underlain by the formation. A well should not be 
yielding water at the time it is measured or for some time prior to 
its measurement; otherwise there will be a local drawdown that 
will introduce an error. There may also be a drawdown caused by 
heavy flow or pumping from other wells in the same vicinity, aad 
precautions must be taken with respect to errors that might be pro 
duced by changes in atmospheric pressure or other causes. The 
water levels are measured from definite bench marisB, or" reference 
points, to which levels are run. A contour map of the pressure- 
indicating surface is then constructed. Such a map shows approxi 
mately the direction of movement of the ground water and the 
hydraulic gradient at every point, the direction in any locality being 
at right angles to the contour and the gradient being the ratio of the 
contour interval to the distance between successive contours.

The area of cross section can be estimated from well records and 
outcrops that show the thickness and extent of the formation. A

BS Slichter, C. S., Field measurements of the rate of movement of underground -waters: 
U. S. Geol. Survey Water-Supply Paper 140, pp. 29-49, 1906.

88 Stearns, N. D., Laboratory tests on physical properties of water-bearing materials: 
U, S. Geol. Survey Water-Supply Paper 596, pp. 144-163, 1927.
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cross section that is pertinent for this purpose must obviously have 
the same general trend as the contours of the pressure-indicating 
surface, in order to be approximately at right angles to the direction 
of flow.

The most serious difficulty with this method and one that up to the 
present time has not been effectively overcome is that of determining 
the true average permeability of the material that constitutes the 
water-bearing formation. - Laboratory methods are available to 
determine accurately the permeability of the samples that are tested, 
but the difficulty lies in obtaining representative samples. Even 
apparently slight differences in texture may make great differences 
in permeability. A rather inconspicuous admixture of colloidal clay 
to an otherwise permeable sand may cut down greatly its capacity to 
conduct water. In a sand formation a few thin strata of coarse, 
clean sand may conduct more water than all the rest of the formation. 
These permeable strata may be overlooked in the sampling, or if 
samples from them are taken it may be impossible to give them the 
proper weight in comparison with samples from other parts of the 
formation. Consolidated rocks are likely to contain joints and 
crevices which conduct much of the water and which therefore render 
laboratory methods inapplicable. On the other hand, unconsolidated 
samples can not easily be recovered and tested without disturbing 
the texture of the material and thus introducing errors of unknown 
but conceivably great amount. Moreover, samples taken at the out 
crop of a formation may not be representative because of changes 
produced by weathering, and samples obtained from wells are gener 
ally nonvolumetric and greatly disturbed and may be either washed 
or mixed with clay of foreign origin. If the conditions of drilling 
can be controlled it may be possible to obtain an undisturbed or only 
moderately disturbed sample, especially if a core barrel is used, but 
such favorable conditions are rarely obtainable. In spite of the 
difficulties, the laboratory tests are of value in giving general limits 
of permeability, and it will be highly desirable to complete the 
project, now in progress, of making a set of permeability tests of all 
the leading formations in this country that conduct water through 
their pore spaces.

Efforts have been made by Hazen, King, Slichter, and others 9T to 
compute the permeability of water-bearing material from its mechan 
ical composition and porosity. For this purpose Hazen,98 in his

w For a review of the work of Alien Hazen, F. H. King, and C. S. Slichter on this sub 
ject, with references, see Stearns, K. D., op. clt., pp. 170-176.

98 Hazen, Alien, Experiments upon the purification of sewage and water at the Law 
rence Experiment Station, Nov. 1, 1889, to Dec. 31, 1891: Massachusetts Board of Health 
Twenty-third Ann. Rept., p. 431, 1892; Some physical properties of sands and gravels 
with special reference to their use in filtration; Massachusetts Board of Health Twenty- 
fourth Ann. Kept, p. 541, 1893.
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work on filter sands in 1889 to 1893, used the term " effective size of 
grain," or size of grain that would give the actual permeability of 
a more or less heterogenous material. He found that in the materials 
with which he was dealing the effective size was best shown by the 
" 10 per cent size " that is, the size that is not exceeded by the grains 
in 10 per cent of the material by weight. These indirect methods 
of computing permeability are useful for some purposes but have 
not always given consistent results and are not in general to be 
recommended. Direct tests of permeability require no more work 
and are generally more satisfactory.

METHOD BASED ON PERMEABILITY DETERMINED FROM 
DISCHARGE AND DBAWDOWN OF WELLS

One of the most promising methods of determining permeability 
is a field method proposed by G. Thiem," son of the German hydrol- 
ogist A. Thiem, based on the performance of wells that enter the 
water-bearing formation. In order to make a test by this method 
it is necessary to have one well from which water can be withdrawn, 
either by pumping or by artesian flow, at a rate that will produce 
considerable drawdown, and two or more other wells that are 
located at different distances from the discharge well and near enough 
to it to have appreciable drawdown when it is discharging. This 
method has the advantage dver the laboratory methods in that it 
deals with all the water-bearing materials in the vicinity of a well, 
undisturbed and in place.

The method is very simple in principle. The water level is 
measured in each of the observation wells at a time when the dis 
charge well has been idle long enough for the water levels to have 
reached the static level. The well is then pumped or allowed to 
discharge by artesian pressure at a uniform rate until equilibrium 
has again been virtually established and the new water levels have 
become essentially stationary. If the test is made in an area of 
artesian flow, the pressure may be measured instead of the depth 
to the water level. From the ultimate drawdown in the several 
observation wells produced by the pumping or artesian discharge 
a profile of the cone of depression can be constructed, and from 
t|tis profile the hydraulic gradient at any distance from the dis 
charge well can be determined. If the water-bearing formation is 
of uniform character and thickness in the vicinity of the wells and 
the thickness is known, all three factors are available for computing 
the permeability. If the water in the formation is confined under 
pressure, the cross-section area is obviously 2?^, in which *  is the 
distance from the discharge well to the point where the hydraulic

98 Thiem, G., Hydrologische Metboden, Leipzig, 1906.
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gradient is determined and t is the thickness of the formation. If 
the water is not confined but forms a water table, the effective cross- 
section area is 27mf', in which if is the thickness of the saturated 
part of the formation or the height of the water table above the base8 
of the formation during pumping at the point where the hydraulic 
gradient is determined. In either case the coefficient of permea

bility as defined in Water-Supply Paper 596 is equal to  ±- t in

which q represents the rate of pumping or artesian discharge 1 in 
gallons a day, a the cross-section area in square feet, and g the 
hydraulic gradient as defined on page 132. Further investigation is 
needed as to inaccuracies that may be introduced by irregularities 
in the texture, thickness, and stratigraphy of the formation, by the 
natural slope or irregularity of the pressure-indicating surface, and 
by decrease in permeability that may result from compression of 
the formation when the artesian pressure of the water is relieved. 
The permeability determined by this method is used in exactly the 
same manner as the permeability determined by any other method 
in computing the rate of flow through a formation when its cross- 
section area and the natural hydraulic gradient of- its water are 
known.

In 1906 G. Thiem published as a dissertation for the degree of 
doctor-engineer from the Konigliche Technische Hochschule at 
Stuttgart the results of his experiments and mathematical study 
relating to his field method for determining permeability. The 
experiments were made as a part of an investigation to find an 
additional water supply for the city of Prague. Ten sets of wells 
were sunk for the purpose, each set including one well that was 
pumped and two observation wells. The observation wells were 
placed in line with the pumped well but in any direction from it 
regardless of the direction of the natural hydraulic gradient. A 
formula was developed for computing the permeability from these 
tests. This formula, slightly modified in form, is as follows:

(g logs ai-Ioge a)

in which P is the coefficient of permeability, q is the rate of dis 
charge, a and % are the respective distances of the two observation 
wells from the discharge well, S and Si are the respective draw 
downs in the two observation wells, and m is the thickness of the* 
water-bearing bed, if artesian conditions exist, or the average thicks 
ness of the saturated part of the bed at the two observation wells, 
if water-table conditions exist. To obtain the coefficient of pelc^ 
meability as defined in Water-Supply Paper 596 all these factors 
should be expressed in feet except #, which should be expressed in 
gallons a day.
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Theoretically this method can also be used for computing spe 
cific yield, but no test has been made of its practicability for this 
purpose. For example, during a specified period in the initial stage 
of a test under water-table conditions an accurate record can be 
obtained of total pumpage and of the progressive lowering of the 
water levels in the observation wells. From the record of water 
levels and the permeability, as determined by the test, the flow 
through the selected cylindrical cross-section area during the period 
can be computed. The quantity taken from storage within the cyl 
inder can then be computed as the total pumpage minus the inflow, 
and from the records of the water levels the volume of material In 
the cylinder that was unwatered during the period can also be 
computed. Better results can doubtless be obtained, however, if 
the specific-yield test is made during a period immediately after 
the well has been shut down, when the quantity of water taken into 
storage in the cylinder will be equal to the total inflow during the 
period and the volume of material saturated can be computed from 
the rise of the water levels.

Closely akin to the specific yield, but generally of much smaller 
magnitude, is the change in storage capacity of an artesian forma 
tion with changes in the artesian pressure on account of the volume 
elasticity of the formation. Obviously the increase in storage in 
an artesian formation can be computed from progressive changes in 
artesian pressure immediately after the discharge well has been shut 
down, by the procedure that has just been outlined for computing 
specific yield under water-table conditions. Eough computations 
of this kind have been made.1

METHOD BASED ON AREA OP IlSrFLTTEUrCE OP WELLS

Ground water obeys the law of all fluids in that it always flows 
away from a point of high pressure toward one of lower pressure. 
In other words, it flows in the direction of the hydraulic gradient. 
In a formation that has a water table the ground water flows from 
a high area of the water table toward a low area, much as surface 
water flows down the slope of a land surface. In an artesian for 
mation the water flows in the direction of the hydraulic gradient; 
it may flow downward or upward, as in the mains and service 
pipes of a system of waterworks. In some places the artesian water 
moves in the direction of the dip of the formation, and in other 
places it moves in a direction opposite to the dip or at some angle 
to the dip. An accurate contour map of a water table or of the 
pressure-indicating surface of a formation filled with water under 
pressure shows the direction of flow at every point.

1 Meinzer, O. B., Compressibility and elasticity of artesian aquifers: Econ. Geology, 
Tol. 23, pp. 263-291, 1928.
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So long as no wells have been sunk into a f ormation its water 
flows from the intake area toward the area of natural discharge. 
If, however, wells are sunk and water is withdrawn through them, 
either by pumping or by artesian flow, the water table or other 
pressure-indicating surface will be depressed in the vicinity of 
the wells, and water that would normally percolate to an area of 
natural discharge will be diverted toward the wells. An accurate 
contour map showing the depression in the pressure-indicating sur 
face caused by the operation of the wells will show the area within 
which the water is diverted toward the wells.

So long as the withdrawals are relatively light the depression will 
rentain small, and water which in its natural course does not flow 
near the wells will not be diverted. As the withdrawals become 
heavier, however, the depression is enlarged and a greater propor 
tion of the ground water isx diverted toward the wells, until even 
tually the depression may extend across the entire width of the 
formation, and practically all of the flow may be recovered through 
the wells.

The flow of ground water through a formation can be estimated 
from a record of the pumpage or artesian flow and the extent of the 
depression as determined from water levels in wells, due allowance 
being made for the quantity of water that is taken out of storage in 
developing the depression. This method has the advantage that it 
does not require determination of the permeability and involves 
specific yield only in so far as there is a change in storage. Except 
for changes in storage it involves only the rate of pumping or artesian 
flow and the altitude of the water levels in the observation wells. 
The method should prove applicable where a considerable quantity 
of water is withdrawn and sufficient wells are available for wates- 
level observations.

In applying this method attention must be given to the modified 
condition of the pressure-indicating surface on the downstream side 
of the depression produced by the operation of the wells. If no 
water is permitted to pass the wells this surface will eventually be 
lowered about to the level of the natural outlet of the ground water or 
to the level of the crest of an effective underground barrier. In 
many places this drawdown would make the cost of pumping pro 
hibitive. In order to prevent the lowering of the water levels in 
the wells below the economic limit it may be necessary to allow a 
part perhaps a large part of the water to flow past the depression, 
so that it will maintain a certain minimum gradient to the natural 
outlet.
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METHOD BASED ON MOVEMENTS OF WATEB LEVELS IN RELATION 
TO BATES OF WITHDRAWAL

When a well is pumped some water is inevitably taken out of stor 
age from the well and from the material surrounding it. This re 
duces the pressure, creates a hydraulic gradient toward the well, and 
causes the ground water to flow into the well. If the water-bearing 
formation has a water table, considerable ground water may have to 
be removed from storage before a gradient will be developed that is 
steep enough to make the water flow toward the well at the same 
rate that it is pumped and to establish approximate equilibrium. If 
the formation is filled with water under pressure only a compara 
tively small amount of water has to be removed from storage in order 
to give the required gradient, and hence drawdown will be rapid and 
approximate equilibrium will be quickly established. The quantity 
to be removed from storage in order to reach equilibrium varies in 
proportion to the compressibility of the water-bearing formation.2

When, with a constant rate of pumping, equilibrium is established, 
water is no longer removed from storage around the well but flows 
to the well as rapidly as it is withdrawn. Even after there is ap 
proximate equilibrium and the water level in the well remains vir 
tually stationary the water may be taken from storage in distant 
parts of the formation rather than from the increments at its intake 
area. However, unless the withdrawal exceeds the recharge minus 
the unavoidable loss, the water level in the well will approach a 
limit at a constantly decreasing rate of drawdown. In most 
ground-water developments the supply available is conditioned by 
the permissible lift. A vital question, therefore, relates to the rate 
at which water will flow to the well under the gradient that will be 
established by the drawdown involved in the permissible lift.

This elementary principle of hydraulics controls not only the prac 
ticable capacity of an individual well but also the quantity of water 
that can be recovered by a group of wells or by a large number of 
wells distributed throughout a wide area. The details are more com 
plicated, but the principle is the same. If the ground-water supply 
in an area is extensively developed by drilling many wells and draw 
ing heavily on them the water levels or artesian pressures in the wells 
will inevitably decline. This decline will occur whether the condi 
tions are primarily of the water-table or the artesian type, and 
whether the artesian wells discharge by artesian flow or by pump 
ing. Other things being equal, however, the decline will occur more 
rapidly under artesian conditions than under water-table conditions. 
The mere fact that there is a decline in the water levels or artesian

2 Meinzer, O. B., Compressibility and elasticity of artesian aquifers: Econ. Geology, 
vol. 23» pp. 263-291, 1928.
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pressures during the period of tievfelopinent, when the rati k>f with* 
drftwal te constantly inerfeysing, is' Iftot an inclination of overdevelop* 
ment as long as the decline is not so great as to indicate the approach 
of lifts beyond the economic limitl ( '

If the rate of pumping becomes constant the water levels in the 
wells will not immediately become stationary, but they will decline 
at a diminishing rate. If the rate of pumping exceeds th0- salvage 
able recharge the water levels will eventually decline to thte bottoms 
of the wells, and the rate of recovery will unavoidably be decreased. 
If, however, the rate of pumping does not exceed the salvageable 
recharge, the water levels will approach as a limit some level above 
the bottom of the wells, though perhaps too low for practicable 
operation. To determine the limit even approximately requires the 
lapse of sufficient time tx> permit the development of a curve in which 
the water levels in a key well or group of wells are plotted against 
time and which can with some confidence be projected into the fu 
ture. The problem will invariably be complicated by irregularities 
in the rate and location of the pumping, adequate records; of which 
can not easily be obtained, and also by fluctuations in water levels 
produced by causes other than pumping.

In most areas there are fluctuations in the rate of pumping or of 
artesian flow, as the case may be. In many areas the most pro 
nounced fluctuations are seasonal. On the whole these fluctuations 
increase the applicability of this method. It has been shown that 
some decline in water levels must be expected even after the rate 
of pumping has become constant. Furthermore, decline may even 
continue for some time after the rate of pumping has been reduced 
without indicating a dangerous amount of ultimate drawdown. 
However, if with either constant or reduced irate of pumping the 
water levels continue to. decline persistently and without marked 
slowing up, excessive ultimate drawdown is indicated, although it 
may not be possible to ^determine the ultimate drawdown or to 
estimate the amount of overdevelopment. In the development of 
many of the areas of artesian flow there is an early period of original 
high pressure and active drilling during which the artesian, dis 
charge increases greatly and the pressure drops rapidly. This early 
period is generally followed by a long period in which there is 
progressive but gradual decline both in discharge and im pressure. 
It appears obvious that under these conditions water is being with 
drawn from storage and that equilibrium will not be established 
until the pressure or the discharge or both are still further jredueed.8

8 Meinzer, 0. E., and Hard, H, A., The artesian water supply of the Dakota sandstone 
In North Dakota, with special reference to the Bdgeley quadrangle : U. S. Qeol. Surrey 
Water-Supply Paper 520, pp. 73-85, 1925. Hard, H. A., Geofogy and water resoaeees of 
the Edgeley and LaMoure quadrangles, N- Dak. : TJ. 3. Geol. Survey Bull. 801, pp. 57- 
87, 1929.
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If the rate of pumping or of artesian discharge is radically reduced, 
as it is in the autumn in irrigation districts and in some public 
waterworks, the water levels or artesian pressures that have been 
declining are likely to reverse their direction and begin to rise. 
This means that the point of equilibrium has been reached and 
passed   that, with the gradient which was established by the heavier 
withdrawal, water is flowing into the area more rapidly than it is 
being removed by the reduced rate of withdrawal. In the next 
spring or summer the rate of withdrawal may be again increased 
and another reversal of the water levels may occur. If the rate of 
withdrawal is greater than in the previous summer a new low stage 
may be established. By critical study of this game of tag between 
the water levels and the rates of withdrawal a number of points 
of equilibrium can be approximately determined, but exact determi 
nation is complicated by the lag in the movements of the water 
levels due to storage, and further study needs to be given to this 
subject to develop a systematic method of interpretation that is 
mathematically sound. These points of equilibrium are points on 
a rating curve of the inflowing stream of ground water. To the 
extent that this curve can be projected it will indicate the drawdown 
that will be caused by increased rates of withdrawal and will thus 
establish the safe yield. The rating-curve method for conduit con 
ditions was developed by Thompson in his work in New Jersey from 
1923 to 1928 and was successfully applied by him in making estimates 
of safe yield for Atlantic City and other municipalities.4

EVALUATION OP EXTRANEOUS INFLUENCES ON THE
WATER LEVELS

The movements of the water levels in wells are not the effects of 
simple forces acting singly but rather the resultants of a complex 
of interacting forces. This complexity, of course, increases the dif 
ficulties of interpretation. For example, a study of the effects pro 
duced by different rates of pumping may be complicated through 
changes produced by variations in atmospheric pressure or by the 
ebbing and flowing of oceanic tides. The barometric or tidal effects 
must be evaluated, and corrections must then be made for them. 
These extraneous agencies are, however, not wholly a detriment, for 
if they are studied jn a time and place where other agencies are 
absent or can be eliminated, they are likely to afford valuable 
information on the ground- water conditions.

If a shallow well ends in a formation that lies at the surface and 
is freely permeable throughout, only slight barometric effects or

* Thompson, D. G., Ground-water supplies in the Atlantic City region : New Jersey 
Dept. Conservation and Development Bull. 30, pp. 35-88, 1928.



METHODS FOB ESTIMATING GBOWFD-WATBS SX7PPI4BS.

nonei at all are to be expected, because any change in they, atmos 
pheric pressure is transmitted almost as freely to the water; table 
through the permeable material as to the water level in the well. 
In the Escalante Valley investigation, by White, water-stage re 
corders were used on about 70 shallow water-table wells. With few 
exceptions, the records of these wells showed no evidence of fluc 
tuations due to changes in atmospheric pressure. The exceptions 
occurred chiefly in the early spring, when aparently the soil was 
wet enough to be impervious to air. Similarly, in a shallow ob 
servation well near Washington, D. C., barometric fluctuations, 
amounting to about 20 per cent of the full fluctuations of a water, 
barometer, are apparently confined to periods when the water p. the 
soil tends to reduce notably its permeability to the air. Barometric 
fluctuations have been found to be virtually absent in observation 
wells equipped with automatic recorders in different parts of the 
country where water-table conditions exist.

If a well ends in an artesian formation and this formation, or 
the overlying confining beds have sufficient strength, to resist deforma 
tion by slight changes in pressure at the surface, the well will act 
as a barometer. The fluctuations of its water level will have virtually 
the same range of fluctuations as would be shown by a water barom 
eter, or 13.5 times the range in a mercury barometer. Hewe^r., 
for obvious reasons, the movements of the water' level in the well 
will always be in the opposite direction from those in an ordinary 
mercury barometer. In a deep well at The Dalles, Oreg., that ends 
in an artesian stratum in volcanic rocks, the water level was found 
by Piper 5 to respond practically 100 per cent to changes m at 
mospheric pressure as indicated by the barographic records of the 
United States Weather Bureau. The record of a deep,well in the 
Koswell artesian basin, New Mexico, obtained by means of a water- 
stage recorder, showed that on certain days when ;no great dis 
turbances were caused by pumping the fluctuations of the, water 
level in the well closely followed the fluctuations of the barometer. 
In general an inch of change in the mercury barometer was repre 
sented by about a foot of fluctuation in the water level.6 In an 
other artesian well situated near the railroad in the same basin no 
rise in the water level was recorded when trains passed. Both of 
these results indicated artesian conditions in competent formations. 
If a similar well were situated near the seashore its water level 
would not be expected to show any tidal influence.

e Piper, A. M., Geology and ground-water resources of the Dalles region, Oregon: TJ. S. 
Dept. Interior Press Mem. 52343, Apr. 7. 1931.

 Fledler, A. G., Report on investigations of the Roswell artesian basin, New Mexico, 
during the year ending Jupe 30, 1926: New Mexico State Engineer SeTenth Bienn. Sept., 
p. 37, pi. 7, 1926. |
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If a well ends in an artesian formation that has volume elasticity, 
such as incoherent sand, and is confined beneath beds of soft shale 
that is impermeable but yields to even slight pressure, its water lev< 1 
will have smaller fluctuations resulting from atmospheric changes 
than that of a water barometer, and the ratio of the movements i a 
the well to the corresponding movements in the barometer shoulJ 
give a measure of the resistance of the water-bearing and confinin * 
beds. If such a well is near the seashore its water level will fluctual e 
more or less with the tide. In the Atlantic City investigation, by 
Thompson, it was found that artesian wells near the seashore enc - 
ing in Coastal Plain deposits of sand overlain by clay fluctuate 1 
notably with the tide but showed no marked barometric fluctuation \. 
These results seem to indicate artesian conditions in incompeteit 
strata. In such wells the water level might be expected to rise ss 
a result of the compression produced by a passing railroad trail. 
In the Mokelumne area it was found that the water level in a we 1 
drilled through valley fill to a stratum at some depth below the 
water table rose whenever a train passed over the railroad 117 f ec t 
away, but in a well drilled only to the water table at the same plac e 
the water level was not affected by passing trains.7

If a well ends in a formation that is effectively covered by ai 
impermeable bed but is unsaturated in its upper part, thus having 
an air chamber between the water table and the overlying impei- 
meable bed, and if the well is tightly cased to a level below the water 
table, the water level in the well will behave like that in an ar 
tesian well in competent beds. It will fluctuate through about th3 
same range as the water level in a water barometer, because, as in 
the other case, the counter pressure will remain nearly constant. 
These conditions were noted by Thompson 8 in the Grand Prairie 
region of Arkansas, where some of the wells were found to per 
form as perfect barometers, apparently with 100 per cent of 
barometric fluctuation. These are examples of actual conditions 
which have been encountered in quantitative ground-water investi 
gations and which must be understood if the data on water levels 
are to be correctly interpreted.

PRESENT STATUS AND OUTLOOK

Hie foregoing discussion shows that there are many ways in 
which the problem of available supplies of ground water can be at 
tacked, but it also shows that the subject is complicated and that

7 Stearns, H. T., Robinson, T. W., and Taylor, G. H., Geology and water resources of 
the Mokelumne area, California: U. S. Geol. Survey Water-Supply Paper 619, pp. 148, 149| 
1930.

8 Thompson, D. G., Ground-water supplies for rice irrigation in the Grand Prairie 
region, Arkansas: U. 8. Dept. Interior Press Mem. 49844, pp. 8, 9, Jan. 26, 1931.
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there are difficulties in applying any of the methods that have feeea 
outlined. Only those who have worked on grounds-water problems 
can appreciate how numerous and baffling are these difficulties. No 
one method is applicable to all conditions. In some areas several 
more or less independent methods can be used which serve to give 
checks on the accuracy of the work. In other areas only a single 
method may be applicable, or it may be almost impossible to make 
effective use of any of the known methods.

Other methods must be used in humid than in arid regions, in 
areas of large ground-water developments than in undeveloped 
areas, and in artesian areas than ,in areas with water-table condi* 
tions. Arid regions are, as a rule, better adapted for quantitative 
studies than humid regions, and many of the available methods have 
been developed in arid regions. More methods are available in de 
veloped than in undeveloped areas, and the demand for quantitative 
work commonly comes after there has been enough development to 
cause considerable drawdown. A number of the methods, however, 
do not depend at all on development, and considerable successful 
Quantitative work has been done in areas that were virtually undevel 
oped. In the past most of the quantitative work has been done in 
areas in which the conditions are dominantly of the water-table or 
reservoir type, but recently quantitative attacks have been made on 
a number of artesian basins in which the capacity of the formation 
as a conduit is important, and methods are being developed for these 
Conditions.

The most formidable difficulties result from the complexity of 
the texture of the water-bearing formations, which make it hard to 
fret reliable figures for their two properties of chief significance  
specific yield and permeability. Some of the most promising 
methods are those which do not involve either of these properties or 
else determine them from water levels in wells or from water levels 
and pumpage.

It is becoming evident that the chief instrument of precision in 
ground-water hydrology is the water-stage recorder .installed over a 
well. The water levels in wells are sensitive to every change that 
takes place in the ground water, and they can be almost perfectly 
recorded by a high-grade automatic recorder. In the interpretation 
of such records lie possibilities of a new and fruitful phase of 
ground-water hydrology that are not now fully appreciated and 
that can be realized only as a result of much critical investigation. 
It will be necessary to understand the various agencies that influ 
ence the delicate equilibrium that exists in every body of ground 
wfater and also the nature of the container that holds the ground 
w^ater and how it can be expected to respond to these agencies. It
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will be necessary to recognize clearly the basic distinctions between 
a water table and the pressure-indicating surface of an artesian for 
mation, and between changes that represent increments to or with 
drawals from storage and those that represent only variations in 
pressure.

It is also becoming evident that time is required to obtain reliable 
results in most quantitative investigations of ground water. In 
this respect ground-water work differs from most other geologic 
work. It does not deal primarily with features which are the fos 
silized product of events that occurred in past ages and which can 
be observed and studied at any convenient time, but it deals rather 
with forces that are now operating and producing changes which 
can be kept under observation. Past changes that were not recorded 
are gone forever; future changes can be observed only with the 
lapse of time. For this reason systematic observations should be 
made and records kept in every area in which large ground-water 
developments have been made or are contemplated, so that reliable 
data will accumulate and will be available for interpretation in the 
future*



QUALITY OF WATER OF THE COLORADO RIVER IN 1928-1930

By C. S. HOWAED

SAMPLES

This report gives the results obtained in the continuation of a 
study of the Colorado River begun in 1925. 1 The analyses represent 
composites of daily samples collected by the observers at the gaging 
stations on the Colorado River at Cisco, Utah, and Lees Ferry and 
Grand Canyon, Ariz.; on the Green River at Green River, Utah; 
and on the San Juan River near Bluff, Utah. Analyses are given 
for samples collected about once a month from the Williams River at 
Planet, Ariz. The Arizona stations are operated under the direction 
of W. E. Dickinson, district engineer of the Geological Survey at 
Tucson, Ariz., and the Utah stations under the direction of A. B. 
Purton, district engineer of the Geological Survey at Salt Lake City, 
Utah. The average discharges given in Table 3 were calculated from 
data furnished by these district engineers. Complete discharge 
data for this period will be published in the regular series of water- 
supply papers.

The samples were collected at Cisco by Dan Granell, A. J. Clark, 
and B. M. Tanner; at Lees Ferry by O. R. Clark, J. S. Gatewood, and 
M. B. Scott; at Grand Canyon by Charles Wells, D. H. Barber, and 
D. D. Lewis; at Green River by H. T. Howland and F. N. Hansen; 
on the San Juan River by J. A. Allis, N. D. Nevills, and J. E. Ring- 
wood ; and on the Williams River by H. S. Leak. The points at which 
samples were taken are shown in Figure 18.

All the samples were collected in 4-ounce bottles and were sent to 
the laboratory in Washington for analysis. As a rule a single bottle 
was filled each day. It is believed that the samples truly represented 
the river as to its content of dissolved mineral matter.

METHODS OF ANALYSIS

The analyses were made by the methods regularly used in the 
United States Geological Survey.2 The 4-ounce samples were allowed

» Oolites, W. D., and Howard, C. S., Quality of water of Colorado River in 1926-26: U. 8. Qeol. Survey 
Water-Supply Paper 596, pp. 33-43,1928. Howard, O. 8., Quality of water of the Colorado River in 1926- 
1828: IT. S. Qeol. Surrey Water-Supply Paper 63S, pp. 1-14,1929.

9 Collins, W. D., Notes on practical water analysis: XT. 8, Qeol, Survey Water-Supply Paper 406, pp. 
235-261,1928,

145
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to stand in the laboratory until the suspended matter settled, leaving 
the liquid above apparently free from even traces of silt. The clear 
liquid was drawn off through a siphon without disturbing the sediment 
and was collected in flasks to make three composite samples each 
month.

For most of the samples the weight of the suspended material in 
each bottle was determined. The suspended matter was washed into 
an evaporating dish with distilled water and dried on a steam bath.

,O M I N G

MEX.

I C O

IOO 200 300 MIUE3

FIGURE 18. Map of the Colorado Kiver drainage basin, showing 
sampling points  

Correction was made for the weight of the soluble salts in the original 
water (usually 5 to 8 cubic centimeters) transferred to the evaporating 
dish with the suspended matter. The -quantities of suspended matter 
reported for composite samples are averages of the determinations 
for the daily samples.

COMPOSITION OF WATER OF COLORADO RIVER AND
TRIBUTARIES

Table 3 gives analyses of samples collected from the Oolorada 
Kiver and some of its tributaries during the period of two years. 
The dates show the number of daily samples in each composite. The
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plan was to have a single bottle filed each day except for the Williams 
River, for which a se| t of eight bottles was filled about once a month. 
Some of the samples were lost in transit, and a few that contained 
hydrogen sulphide when received were rejected.

The results for dissolved solids are sums of the constituents deter 
mined, with tiie bicarbonate divided by 2.03 to obtain the equivalent 
carbonate. The total hardness is the calcium carbonate equivalent 
to the calcium and magnesium together. The noncarbonate, hardness 
is the total hardness Wnus the quantity of calcium carbonate equiva 
lent to the bicarbonate. The mean discharge is that for the period 
represented by each composite analysis. The quantity of dissolved 
solids in tons per day is obtained by multiplying the dissolved solid& 
in parts per million by the discharge in second-feet and the factor 
0.002697.

The average of the 36 analyses for a year at each of the stations 
is given in the table as Nos. 37, 75, 113, 151, 189, and 227. These 
analyses represent accurately the composition of water that would be 
contained in a vessel or reservoir that had received equal quantities 
of water from the rivjer each day for the sampling period.

The weighted averages for each station are given as Nos. 38, 76, 
114,152,190, and 228. The quantities of the individual constituents 
in each analysis were multiplied by the mean discharge for the period 
represented by the analysis, and the sum of the 36 products for eads 
constituent was divided by the sum of the discharges to obtain the 
weighted averages. These analyses represent -approximately the com 
position of water that would be found in a reservoir containing all 
the water passing the given station during the year, after thorough 
rofcnitg in the reservoir. Because the composite samples for analysis 
were made- from equal daily samples, the analyses themselves do not 
represent accurately the water that would be found in a, reservoir 
containing the whole flow of the river covered by the individual 
analyses. The error due to this effect is not great, but its tendency 
is to make the weighted average show more dissolved material than 
would be found in the water of a reservoir storing the whole flow of 
the river for a year. The weighted average shows less concentrated 
water than that represented by the average of the 36 individual 
analyses, because at times of high discharge the rivers carry the 
smallest amount of dissolved solids in parts per million.
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TABLE 1.   Weighted averages of analyses from Colorado River and certain tribu
taries for the year ending September SO, 1930

[Analytical results in parts per million]

Silica (SiOs)  -        ... ...       ...

Sodium (Na)_. ...... ............... .......
Potassium (^)

Sulphate (SOt) ______ - ___         
Chloride (01)...              
Nitrate (NOs)             

Hardness as CaCOs (calculated): 
Total .             _ . 

Mean discharge     .      .. second-feet. .

Green 
River 

at Green 
River, 
Utah

14
.12

59
23
56
as

179
177
26
1.2

464

240
93

6,290 
7,630

San Juan 
River at 

Goodridge, 
Utah

16
.10

75
17  
50
3.5

159
214

11
1.7

483

257
127

2,380 
2,990

Colorado 
River at 

Cisco,
Utah

14
.14

73
28
80
4.4

156
254
55
6.1

619

298
169

8,420 
13,500

Colorado 
River at 

Lees Ferry, 
Ariz.

15
.17-

76
25
74
43

167
247

44
2.5

597

295
157

IS, 000 
27,800

Colorado 
River at 
Grand 

Canyon, 
Ariz.

16
.11

81
26
85
5.0

184
252

62
3.4

645

311
160

18,500 
31,100

The weighted averages for the different stations given in Table 1 
show a general similarity in composition of the waters at the different 
stations. The increase of about 50 parts per million of dissolved 
material shown for the Colorado River between Lees Ferry and Grand 
Canyon is made up largely of sodium, chloride, and bicarbonate.

The quantity of dissolved solids carried by the Colorado River at 
Lees Ferry is slightly greater than the sum of the quantities carried 
by the three tributaries above Lees Ferry. This difference is shown 
graphically in Figure 19, where the quantities of each constituent are 
represented in ton equivalents of the average daily load.

Weighted averages for the Grand Canyon station for each of the 
five years and for the whole period are given in Table 2. It will, be 
seen that the average daily load of dissolved solids is not directly 
related to the mean discharge and that the maximum and minimum 
results for the average residue on evaporation do not occur in the 
same years as the maximum and  minimum discharge.

TABLE 2. Weighted averages of analyses from Colorado River at Grand Canyon for
the five years ending September SO, 1980

[Analytical results in parts per million]

Silica (SiOa).        ...
Iron (Fe)....         .......

.Sodium (Na). ...... .............

Bicarbonate (HCO 8). __ . _ .
Sulphate (SOO           
Chloride (Cl). ..................
Nitrate (NOs).... ..... .........

Hardness as CaCOs (calculated) : 
Total....        .

Mean discharge __ second-feet.. 
Dissolved solids. -tons per day..

Oct. 9, 1925,
to Sept. 
30,1926

19 
.31 

66 
21 
75 
5.7 

159 
201 

56 
1.6 

546

251 
121 

19,900 
28,100

Oct. 1, 1926, 
to Sept. 
30,1927

17 
.24

77 
22 
77 
5.5 

162 
235 
53 
2.4 

586

285 
152 

23,800 
36,600

Oct. 1, 1927, 
to Sept. 
30,1928

17
.15 

66 
22 
65 
4.3 

162 
187 
48 
2.4 

509

254 
121 

22,200 
29,400

Oct. 1, 1928, 
to Sept. 
30,1929

18 
.23

74 
23 
73 
6.2 

164 
229 
48 
2.5 

579

281 
146 

26,800 
40,100

Oct. 1, 1929, 
to Sept. 
30,1930

16 
.11 

81 
26 
85 
5.0 

184 
252 
62 
3.4 

645

311 
160 

18,500 
31,100

5-year 
period 

1925-1990

17 
.22 

73 
23 
74 
5.4 

165 
220 
53 
2.4 

571

274 
139 

21,800 
33,100
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The analyses for the Williams Hirer show bicarbonate as the prat? 
cipal acid constituent; in the Colorado, Green, and San JuaaRiwi* 
sulphate is the principal acid constituent. The discharge of the 
Williams River is so small that the chemical composition of the Colo 
rado Rarer at Yuma below the Williams is practically the same as- at 
Topock, which is above the Williams.3

FIGURE 19. Average daily load of dissolved matter carried by the Colorado River and Its principal
tributaries

UTILIZATION OF THE WATER OF COLORADO RIVER AND
ITS TRIBUTARIES

The water of the Colorado River and its tributaries is nearly always 
turbid but when clarified is satisfactory for drinking. The water is 
suitable for all ordinary domestic uses but is harder than is usually

3 Howard, C. S., Quality of water of the Colorado Eiver in 1926-1928: U. S. Qeol. Survey Water-Supply 
Paper 636, pp. 4-5, Table 2,1930.
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considered satisfactory for public supplies. Water from the Green 
River at Green River, Utah, and from the Colorado River at Cisco, 
Utah, is used in locomotives after treatment.

The usefulness of the water of the Colorado and its tributaries for 
irrigation is wholly dependent on the drainage of the irrigated land. 
With good drainage and liberal use of the water no trouble should be 
experienced from the ordinary constituents of the water. Without 
adequate drainage the soil may be seriously damaged.

SUSPENDED MATTER

The figures for suspended matter given in the table of analyses are 
accurate for the samples received. The samples, however, were 
taken at convenient sampling points and do not represent accurately 
the quantity of suspended matter being carried by the river. Other 
samples collected for a study of the silt problem indicate that the 
quantities reported in this table are probably low, but the determina 
tions are of value in indicating the quantities carried on days when 
regular silt samples were not taken.

Results have been reported 4 for the quantity of suspended matter 
carried by the Colorado River in 1925-1928. They were computed 
from Weighted averages of results for samples collected several times 
a week solely for measurement of the silt content. In order to obtain 
more > accurate figures daily loads have been calculated for each day 
during the period 1926-1930. For days when silt samples were col 
lected the results of their examination were used to calculate the load. 
For the other days the load of suspended matter was estimated from 
consideration of the suspended matter in the samples collected for 
analysis of the mineral content, together with discharge data for the 
period. This method gives results for the annual loads that are some 
what lower than those previously reported.5 The weighted average 
load of suspended matter carried past the Grand Canyon station 
in the year ending September 30, 1926, was 225,000,000 tons. The 
sums of the daily loads for each succeeding year were 396,000,000, 
172,000,000, 480,000,000, and 236,000,000 tons respectively.

* Howard, C. S., Suspended matter in the Colorado River in 1926-1928: U. S. Oeol. Surrey Water-Supply 
Paper 636, pp. 15-44,1930. 

1 Idem, p. 24
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